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This research shows promise in becoming a standard practice for long term amputee 
rehabilitation.  Exceptional rehabilitation is not universally available to all disabled 
individuals due to circumstances which limit patient care such as a limited number of 
trained personnel, limited access to therapy in remote areas, limited patient feedback, 
limited visits under insurance policies and differing expertise of personnel.  Providing 
real-time, objective feedback will help to continuously improve the quality of life of 
amputee individuals and provide standardized baseline techniques.  The research 
described in this dissertation expands the use of virtual reality systems to amputee 
rehabilitation.  A virtual reality system with performance metrics was designed, 
developed and tested.  The effectiveness of real-time feedback through self visualization 
was investigated.  This virtual reality system integrated real-time kinematic data into a 
virtual reality system.  Subjects participated in a baseline session, three intervention 
sessions and a final training session. This Virtual Reality Rehabilitation (VRR) study, 
incorporating real-time feedback and objective performance metrics, provided a 
successful baseline demonstration for future research using VRR to improve gait 
techniques and enable more efficient and effective rehabilitation for amputees and other 
disabled individuals.  To the knowledge of the dissertation team, this was the first study 
documenting a successful VRR gait-based strategy in patients with lower limb 
amputations.   
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1.0  INTRODUCTION 
There is a need for improved and more efficient rehabilitation for disabled individuals, 
specifically the amputee population.  The goal of rehabilitation is to help individuals 
reach their highest level of potential and return to an activity level as close as possible to 
that prior to injury or disease.  Exceptional rehabilitation is not universally available to all 
disabled individuals due to circumstances which limit patient care such as a limited 
number of trained personnel, restricted access to therapy in remote areas, minimal patient 
feedback, limited visits under insurance policies and differing expertise of personnel.   
 
There are approximately two million people in the United States with limb loss, and this 
number is growing by approximately 185,000 each year (Ziegler-Graham, 2008; 
Amputee Coalition, 2008).  Lower limb amputees outnumber upper limb amputees 
eleven to one and centers for excellence for amputee rehabilitation are growing and 
further documenting the need for universal superior amputee rehabilitation through the 
interaction of multiple specialties (Gauthier-Gagnon, 2006).  Amputees are benefiting 
from continued improvements in prosthetics, but unfortunately there exists a gap for 
integrated training correlated to the improved prosthetics.  Training and rehabilitation 
vary significantly from location to location and there is no current baseline 




Through the combination of expertise and customized programming in a virtual reality 
(VR) rehabilitation training setting, rehabilitation potential is unlimited.  Using VR, 
newly developed prosthetics can be integrated with dynamic and improved rehabilitation 
techniques in a universal setting.  With the advancement of computer capabilities, it is 
now possible to combine the expertise of an entire rehabilitation team into an 
individualized program specific to a disabled individual‟s needs.  A consistent training 
program using VR will help to relieve rehabilitation staff and allow them to spend more 
quality, individual time with patients.  Although VR has been used for over thirty years, 
progress in the rehabilitation field has only recently been documented (Keshner, 2004).  
Through the combination of computational and sensory technologies, an immersive 
environment can be created, allowing for a participatory rehabilitation program.   
 
This research addressed one of the many challenges amputees face during the course of 
rehabilitation and training – gait abnormalities.  It was hypothesized that through 
appropriately designed visualization methods, amputees would be able to more 
effectively and efficiently ambulate with a more even stride length, and a narrower base 
of support. 
 
The following chapters will present a background describing lower limb amputation, 
rehabilitation, and virtual reality; define the problem, discuss the research framework and 
present the results.  Individual results for each subject will be presented separately and 
correlations between individuals will be made.  Future research and development 




2.1 Amputees  
There are approximately 185,000 new amputee related discharges each year in the United 
States; trauma has been documented to account for approximately 33% of amputations 
(Ziegler-Graham, 2008; UASA, 2003; Braddom, 2006).  These traumatic amputations 
typically occur in younger and more active individuals who have a great need to 
reintegrate into their community, including work and school activities.  Centers of 
Excellence for amputee rehabilitation are growing and further documenting the need for 
the interaction of multiple specialties to build upon and optimize rehabilitation principles 
and procedures (Gauthier-Gagnon, 2006).  There is a well-accepted notion throughout the 
rehabilitation community that teamwork is essential for optimal rehabilitation.  
Interdisciplinary teamwork has been shown to improve both long term and short term 
outcomes of rehabilitation (Pasquina, 2006).  This teamwork must be both across and 
within disciplines and it is essential to ensure that the patient and family members 
recognize the importance of their roles on the team and along the rehabilitation path.  
Together as a team, individuals‟ needs should be identified and functional goals created 
to facilitate rehabilitation.   
2.1.1 Lower Limb Below the Knee Amputees (Transtibial) 
Transtibial (TT) amputations are amputations of the lower limb from the proximal third 
of the tibia (Figure 1) (Engstrom, 1999; Hurley, 1990).   TT amputations account for 39% 
of all amputations (Esquenazi, 2004).  The prosthetic system consists of a foot, pylon, 
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socket, and suspension system.  TT amputees typically wear the patellar tendon bearing 
prosthetic (PTBT) (Marshall, 2004).   
 
Figure 1: Amputation Level and Prosthetic (TT on left, TF on right) 
2.1.2 Lower Limb Above the Knee Amputees (Transfemoral) 
Tranfemoral (TF) amputations account for 31% of all amputations (Figure 1) (Esquenazi, 
2001).  For the purpose of this research, TF amputations will be limited to above knee but 
below the hip (i.e. will not include hip disarticulations).  TF amputations are amputations 
of the lower limb from the mid to proximal third of the femur (Hurley, 1990).  The 




TF and TT amputations vary in stump length and have different focus area needs, 
including prosthetic use and residual limb circulation.  The assessment of location of 
surgery is best completed by a multidisciplinary team including a surgeon, 
anesthesiologist, prosthetic specialist, nursing staff, physiotherapist, occupational 
therapist and physical therapist (Marshall, 2004).  Lower limb amputations should be 
performed at the most distal site possible in order to preserve as much residual limb as 
possible for prosthetic use and optimal rehabilitation (Hunter, 1996).  With this being 
said, it is also important to consider circulation benefits to a shorter stump for amputees 
as too long of a stump can result in lack of circulation and thus additional surgeries 
(Hunter, 1996).   
 
There are several different scoring systems used to determine the amount of limb to be 
preserved including, Doppler ultrasonagraphy, ankle-arm Doppler arterial pressure ratios, 
thigh blood pressure measurements and skin blood flow measurements.  These values and 
surgery locations will vary depending upon the reason for amputation.  Results from 
these tests are often not definitive and are difficult to interpret, thus the need for a 
multidisciplinary team of experts to determine the best amputation location.  Doppler 
determined results are of little value in positively influencing the surgical location.  Thigh 
blood pressure measurements can be predictive of TT amputation success and skin blood 
flow at the surgical site of greater than 2.5mL/100g (bodyweight) /min is often correlated 
with healing (Braddom, 2006).  However, this process is invasive, radioactive substances 
are used and the patient must keep his or her leg very still during the measurement 
(Harrison, 2006). Absolute skin perfusion is also a valuable tool, but again, the results 
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can lead to false positives (Braddom, 2006).  The precise level of amputation for all 
surgeries requires experience and expertise in order to preserve as much stump as 
possible for prosthetic functionality and to keep the stump within an optimal length for 
healthy circulation (Marshall, 2004).   
2.1.4 Socket Fitting and Prosthetic Component Selection  
Technology such as computer aided design (CAD) and computer aided manufacture 
(CAM) allow for quicker and more precise prosthetic fittings (Braddom, 2006).  This 
technology can gather information about the residual limb, manipulate this information 
into general specifications for the fabrication of the socket, and provide a model for 
immediate socket manufacturing.  The major advantage to these technology/devices is 
that they are able to archive fitting data that the prosthetist can use to compare previous 
stump size and socket fittings with the anticipated alignment. CAD/CAM currently has a 
strong dependence on prosthetist input and most are still not able to accurately detect 
locations of bones and density of deep tissues, features that will be beneficial in the future 
(Braddom, 2006).  Once the device is fit, it will typically last for up to four years before a 
new device is needed (UASA, 2003).   
 
Proper socket fitting and alignment are essential for positive rehabilitation outcomes.  A 
major limitation to socket fitting is due to the amputee‟s weight loss/gain.  Changes in 
weight as minimal as five pounds can affect the socket fit and require the amputee to 
return for a new fitting or prosthetic socket.  As a result, exercise and dieting techniques 




The proper prosthetic component selection is an important factor for an amputee‟s level 
of activity; however, it is also equally important that fitting and alignment of prosthetic 
components be optimized for the user (Klute, 2006).  Therefore, a prosthetist must match 
the functional benefits that a prosthesis can provide with the functional needs of the user 
and ensure proper fit and alignment (VanderLinde, 2004).  Professionals must rely on 
their expertise and experience in order to properly select the right prosthesis for each 
individual.  No consensus exists among professionals regarding specific criteria and often 
studies do not show significant differences between different prostheses (Klute, 2006; 
VanderLinde, 2004; Su, 2008).  Prosthesis selection requires the multidisciplinary 
collaboration of the rehabilitation team including the patient (user), physician, therapist 
and prosthetist.   
2.2 Rehabilitation  
Rehabilitation as an organized practice has been in existence for just over one hundred 
years, originating at the University of Pennsylvania and gaining significant attention after 
the First World War (University of Pennsylvania Health System).  Since this time, many 
areas of specialization have emerged.  One such area of specialization is amputee 
rehabilitation.  Despite a decline in funding, lower limb rehabilitation has progressed 
slowly but steadily over the years.  Unfortunately this progression is difficult to measure 
as there has been only minimum documentation to define the success of amputee 
rehabilitation programs (Smith, 2009; Pasquina, 2006).   
 
Rehabilitation teams must work with amputees to answer the questions: “Why is 
rehabilitation so important to the amputee and family?” “How is rehabilitation going to 
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be achieved effectively and efficiently?” and “When will each intervention occur?”  
These questions as well as a developed rehabilitation program must be revisited and 
updated through the rehabilitation process (Humm, 1977; Dillingham 2002).  The 
ultimate goal of rehabilitation is to reintegrate an individual back into his/her community.  
The ultimate goal of lower limb amputee rehabilitation is to improve mobility and 
ambulation in order to achieve the goal of reintegration into the community (Gauthier-
Gagnon, 2006).   The reintegration into the community must be completed as effectively 
and efficiently as possible for ultimate success and satisfaction.  Overall, TF and TT 
amputees have similar long term rehabilitation outcomes, although TF amputees have an 
overall slower walking speed and exert more energy in order to move their prostheses 
(Pezzin, 2000; Van Veltzen, 2006).   
 
Advancing sciences and technologies have provided new “intelligent” prosthetics and 
rehabilitating measurements which allow for improved rehabilitation capabilities 
(Pasquina, 2006).  The rehabilitation community‟s basic understanding of gait 
abnormalities (biomechanical) and compensatory strategies amputees use have grown 
and several different parameters are currently used to further understand abnormalities 
and strategies (Czerniecki, 1996).  However, even with a deeper understanding of 
abnormalities, compensatory strategies, and new technological prosthetics, there is no 
currently defined standard of care and rehabilitation program for lower limb amputees.  
Literature reviews attribute this lack of standardization to amputation differences 
(location/rationale), individual differences, differing goals and the rapid changes in 
prosthetic components (Esquenazi, 2004; Czerniecki, 1996).  The lack of standardization 
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in rehabilitation and baseline analysis tools demonstrates the need for the evaluation of 
basic measurement tools and rehabilitation practices in order to standardize outcome 
measurements (both quantitative and qualitative) and truly understand “successful” 
rehabilitation (Pansear, 2001).   
 
Amputee rehabilitation can be divided into four main phases (Figure 2): preoperative 
rehabilitation and training, immediate post operative and pre-prosthesis rehabilitation, 
temporary prosthesis rehabilitation, and continued rehabilitation with a definitive 
prosthesis.   
 
Figure 2: Stages of Amputee Rehabilitation 
2.2.1 Phase I: Preoperative Rehabilitation and Training 
 Lower limb rehabilitation can begin prior to surgery.  If the surgery is not an emergency 
surgery, the individual is typically met by the rehabilitation team and often receives peer 
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counseling by other amputees (Braddom, 2006).  These preoperative meetings help to 
facilitate recovery by helping ease the individual‟s anxiety and helping him/her to 
understand that he/she will have support and encouragement during the road to recovery.  
If time allows, range of motion, strengthening, balance, and ambulation techniques using 
assistive devices will be discussed prior to the operation.  Unfortunately, with traumatic 
amputation, time for these preoperative lessons is not always available and the amputee 
must be taught rehabilitation mechanisms as soon as he/she awakes from surgery.   
 
Prior to amputation or immediately following the amputation, rehabilitation teams will 
work to develop treatment plans with the patient and family including immediate goals, 
treatment goals and objectives as well as community reintegration goals (Esquenazi, 
2004).  This treatment plan is a necessary step for rehabilitation.  The total rehabilitation 
team can consist of twenty or more professionals (Humm, 1977) including the primary 
care doctor, surgery team, nursing staff, physical therapists, occupational therapists, 
prosthetist and team, social worker, psychologist, physiatrist, nurse, and of course the 
patient and his/her family (Esquenazi, 2004; Pasquina, 2006; UASA, 2003; Humm, 
1977).   Rehabilitation specialists across many different disciplines must work together in 
order to form an integrated, coordinated and effective treatment plan for the amputee.  
Through this rehabilitation effort the rehabilitation team will assist and encourage the 
amputee to once again reintegrate into the community (Pasquina, 2006).   
2.2.2 Phase II: Immediate Post Operative and Pre-prosthesis Rehabilitation: 
Once the individual is out of surgery and as soon as he/she is stable, early rehabilitation is 
essential in order to prevent contracture (shortening of muscles), retain range of motion 
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and begin the individual on his/her path to recovery.  Prior to temporary prosthesis fitting, 
amputees maintain their residual limb by using either a hard cast wrapping (plaster of 
Paris) or two elastic wraps.  The plaster of Paris wrap is placed on the residual limb 
immediately after surgery and remains there for 10-14 days (Humm, 1977; Braddom, 
2000).  With an elastic bandage, the wound site can be examined daily for infection and 
massaged daily to prevent hypersensitivity and prepare the limb for a prosthesis (Humm, 
1977; Braddom, 2006; Marshall, 2004). 
 
General fitness training, use of early walking aids, hydrotherapy, and balance work are all 
forms of rehabilitation for the amputee (Treby, 2007).  Amputees are taught range of 
motion exercises, positioning, muscle toning, skin care, transfers and ambulation with 
assistive devices in this stage (Braddom, 2006).  Training is important and it is essential 
to keep the patient in the best shape possible for his/her prosthetic fitting.  Motor 
rehabilitation of both the residual and healthy limb is critical in this stage (Weiss, 1971).  
This early period of rehabilitation following amputation is a significant time where the 
greatest improvements are seen and obstacles to reintegration to society should be 
overcome (Pansear, 2004).  The goals of this period of rehabilitation are to limit edema 
(swelling caused by trapped fluid), aid in general mobility and teach proper transfers 
(Marshall, 2004).   
 
Proper techniques for limb locations and contracture prevention are also taught during 
this stage.  Preventing contracture is imperative in order to prevent delays in 
rehabilitation and increase the potential for positive rehabilitation outcomes.  Amputees 
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are taught not to put a pillow under their back/thigh, keep the head of their bed level, not 
to rest their stump on a crutch and to typically sleep on a firm mattress.  Additionally, 
amputees are typically taught to lie prone for fifteen minutes, three times a day to prevent 
hip contractures or, if they cannot lie prone, lie supine and actively extend the residual 
limb while flexing the contralateral limb (Braddom, 2006; Marshall, 2004).  These 
techniques are essential for recovery and must become a standard for amputee 
rehabilitation; they help to prevent contractures which are very difficult to reverse and 
can limit rehabilitation and prevent positive outcomes.     
2.2.3 Phase III: Temporary Prosthesis Rehabilitation 
 The first prosthesis fitting, the temporary prosthesis, is implemented as soon as possible 
after the wound has had the opportunity to heal (Esquenazi, 2004).  This can be as soon 
as one week or take up to a month (Bradomm, 2006).  It is common practice to try a 
prosthesis on an individual even when ambulatory use is unclear.  Gait retraining and 
exercises designed to continue strengthening muscles are begun immediately (Marshall, 
2004).  Walking is gradually reintroduced with the assistance of gait aids and prosthesis 
use is increased incrementally over the rehabilitation period (Marshall, 2004).  The 
residual limb is examined daily and proper care techniques are taught to the amputee 
(UASA, 2003). 
 
Patients are typically discharged from the hospital three to six weeks post surgery, ideally 
with their temporary prosthesis.  This home period is another critical time for 
rehabilitation.  It is essential that the individual continues rehabilitating.  He/she must go 
home with the knowledge of how to properly bandage his/her stump, put on his/her 
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temporary prosthesis and transfer from sit to stand for ambulation (Humm, 1977; 
Marshall, 2004).  This can be achieved through family support or the patient can be 
discharged into a rehabilitation facility.  A major problem with home discharge is the 
lack of rehabilitation received.  Structured rehabilitation times are not set up with the 
patient or the patient may live too far away to go to outpatient rehabilitation or receive in 
home training (J. Brandt, personal communications, March 2007).  This is a major 
limitation to rehabilitation as this period of home transition rehabilitation is important in 
order to receive the most appropriate definitive prosthesis for the individual‟s lifestyle.     
 
Prior to the definitive prosthetic fitting, at three to six months post surgery, when the 
stump begins to stabilize and edema occurring rapidly without compression is no longer a 
major concern, the rehabilitation team should again meet with the patient and his/her 
family to discuss rehabilitation goals.  The patient‟s physical fitness, including muscle 
strength, will be assessed, balance will be tested, and range of motion determined (Gard, 
2006; Humm, 1977).  In order to measure patient goals and subsequent rehabilitation 
outcomes, several different measurement methods are currently used.  There are over 
forty varieties of tools that have been or are still being used to measure rehabilitation 
goals and outcomes through all stages of rehabilitation (Leung, 1996).  A major 
drawback to the diversity of these measurements is that there is no standardization of 
measurement and therefore no definitive measure of outcome for amputees.  There is a 
need to standardize both general rehabilitation techniques and programs while still 
allowing them to be specific to the individual‟s goals and standardize measurement 
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processes (such as quantitative gait analysis) used to determine outcomes of 
rehabilitation.   
2.2.4 Phase IV: Continuing Rehabilitation with the Definitive Prosthesis  
Once the patient has been assessed and outcome goals are determined, he/she can be 
fitted with a definitive prosthesis and rehabilitation can continue.  Choices of prosthetic 
components have increased greatly over the last few decades and great care must be taken 
in determining the best prosthesis for the amputee (Pasquina, 2006).  These 
advancements have allowed for reduced energy exertion for amputees to use their 
prostheses and a more natural overall gait (Esquenazi, 2004). One such system is a 
computerized leg.  This system allows previously active individuals to return to their 
active life style and significantly aid individuals who are having difficulty with the swing 
to stance and stance to swing phase (P. Murka, personal communication, February, 
2007).     
 
Continued rehabilitation after receiving the definitive prosthesis is essential but does not 
always occur.  In the state of Maryland it was estimated that fewer than one quarter of all 
patients with lower limb trauma-related amputees are discharged to rehabilitation 
facilities (Pezzin, 2000).  The level of functional mobility over a six month period 
following discharge declined in amputees.  Planned programs of rehabilitation post 
discharge are often not carried forward, frequently inhibiting amputees from reaching 
optimum functional levels (Evans, 2003).  This decline in functional level is very 
unfortunate as continued rehabilitation has been documented to significantly improve the 
health and prospects of amputees.  Continued rehabilitation with the individual‟s 
15 
 
definitive prosthesis helps to maintain and increase mobility levels and continue 
reintegration into the community (Evans, 2003).  A decline in functional mobility status 
at six months has been found due to lack of continuing rehabilitation (Evans, 2003).  
Indicators such as mobility grades and quantitative gait analysis need to be documented 
and used to stress the importance of continued rehabilitation programs and help to define 
their structure (Gard, 2006).  Access to rehabilitation programs need to be universally 
available and rehabilitation strategies must be coordinated among the entire rehabilitation 
team.   
 
When continuing rehabilitation is achieved, it includes gait training, sit to stand transfers, 
knee control (for both prosthetic and natural knees), lateral weight shifting and forward 
progression (Braddom, 2006; Marshall, 2004).  Balancing techniques are emphasized 
through each stage of training.  Advanced gait training progresses with gait aids such as 
walkers, crutches or canes.  It is also important to teach amputees how to ambulate up 
and down ramps, curbs, and stairs and to clear obstacles (Gailey, 2002; Gailey, 2004).  
Unfortunately, these techniques are not always taught due to facility and staff limitations.  
Amputees are typically taught to lead with their sound foot if they are climbing and 
descend leading with their prosthesis (Braddom, 2006).  Muscles, especially hip muscles, 
are further defined to promote natural gait.  Strong hip muscles have been shown to 
improve weight bearing capabilities and thus gait parameters (VanVeltzen, 2006).   
 
Research has determined that muscle strength, balance and natural gait parameters all 
decline following lower limb amputation (VanVeltzen, 2006).  Early and continued 
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rehabilitation is necessary in order to restore walking capabilities with the use of a 
prosthesis.  Standardization of both rehabilitation techniques and measures are necessary 
in order to improve the outcome and quality of life of amputee individuals.  Conventional 
lower limb rehabilitation needs to become just that, an agreed upon standardized 
rehabilitation program that can be individualized for each amputee.   
 
Standardizing amputee rehabilitation is not only possible but convenient through the use 
of advanced computing technologies currently available.  Computers can not only 
provide the capabilities to store and process data, but with technologies such as virtual 
reality, computers can also display real-time information to the user and rehabilitation 
staff.  Virtual reality allows proven rehabilitation techniques to be used respectively in a 
safe, effective and engaging environment.   
2.3 Virtual Reality 
The American Heritage Dictionary describes Virtual Reality (VR) as “a computer 
simulation of a real or imaginary system that enables a user to perform operations on the 
simulated system and show the effect in real-time.”  Current interfaces for VR systems 
include monitors (flat and CAVE), head mounted displays (HMDs), sensors, force 
feedback mechanisms (haptics) and real-time tracking devices (Sviestrup, 2004).  These 
devices allow the user the capability to interact with his or her virtual environment and 
provide feedback recordings in real-time.  This coordinated action of sensors and user 
inputs defines the virtual world (Carrozzo, 1998).  Feedback recordings are taken through 
multiple sensory modalities such as motion (visual) and force (touch) feedback.  Virtual 
environments have the capability to track body movements, provide kinematic data, and 
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adapt the user‟s environment based on individual feedback and therapist input (Gourlay, 
2001).  VR environments can exploit normal everyday experiences and immerse the 
individual, allowing him/her to focus on real life tasks.   
 
VR has been successfully implemented in training and assessment environments (Moire, 
2005).  VR provides simulations that assess and rehabilitate human functional 
performance in a range of different settings and conditions that are often difficult to 
control and present in the real world (Rizzo, 2005).  VR is a broad field that allows a 
novel way to interact with information.  It is different from typical graphical user 
interfaces in that it allows 3D rendering of the world (Figueroa, 2005).  VR attempts to 
replace some or all of the user‟s experiences in the physical world with 3D information 
such as graphics and sound and enables the user to experience a world that does not exist 
or exists in another time or place (Feiner, 1993).   
 
VR holds great promise to assist, improve and standardize rehabilitation techniques and 
procedures.  VR is an emerging application of both sensory and computational 
technology which has the capability to incorporate the individual‟s senses and use 
proprioception to allow for participatory rehabilitation.  Findings using VR environments 
to help rehabilitate disabled individuals are becoming a popular publication topic 
(Feintuch, 2006).   
2.4 VR Rehabilitation Potential 
In order for lower limb amputee rehabilitation to be optimized, a partnership must be 
created between the patient, medical and rehabilitation team, and family involving 
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tolerance, trust, understanding and most importantly strong communication pathways 
(Pasquina, 2004; BACPAR, 2003).  Once this partnership is created, the team as a whole 
must work together to implement rehabilitation.  VR is an excellent assistive 
rehabilitation technology to assess both motor and cognitive abilities and to help plan and 
execute rehabilitation training (Keshner, 2004).  Safe rehabilitation typically takes place 
within the confines of a hospital or physical therapy unit, thus reducing environmental 
action and enrichment.  This reduction of natural environmental interaction is 
counterproductive to rehabilitation and restoration of daily living functions (Optale, 
2001).  VR environments present the capabilities to provide all individuals, regardless of 
their mobility level or cognitive capabilities, the ability to participate in rehabilitation 
tasks in an enriched environment.  VR environments can exploit normal every day 
experiences and immerse individuals, helping them to focus on real life tasks.  These 
environments have been shown to reduce the consequences of disabilities, such as 
Traumatic Brain Injury (TBI) and stroke (Wang, 2004).   
 
VR, already used for training, can be modified to aid in retraining of motor performance 
in lower limb amputation by simulating both real life and imaginary situations.  The VR 
environment provides a consistent and repetitive rehabilitation program designed for each 
individual and his/her needs.  Sensory presentation and task complexity can be varied and 
response requirements can be tailored to the capabilities of the user.  VR is a potentially 
excellent assistive aid for motor rehabilitation of lower limb amputees as it provides real-
time feedback and precise and accurate performance measurements.  Task performance 
(such as gait alignment and pressure distributions) can be modified and rehabilitation 
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programs adjusted according to the monitored real-time performance results of the 
individual.   
 
Studies have shown that individuals suffering from Parkinson‟s disease have benefited 
from virtual reality rehabilitation therapy through computer displayed scrolling cues to 
aid their walking (Reiss, 1995).  Stroke patients used virtual environments to improve 
their walking speed and muscle strength (Sviestrup, 2004) and to improve upper 
extremity function and motor processes (Kuttuva, 2006).  Even spinal cord injured (SCI) 
patients have benefited from VR technology.  SCI patients using VR as part of their 
rehabilitation have documented increased self-confidence and motivation, thereby 
allowing them to rehabilitate in a more relaxed setting and increase the time they 
participate in activities (Riva, 1998).  VR rehabilitation helps the individual concentrate 
on activities other than rehabilitation (such as the task in which they are engaged), 
therefore distracting the individual from strict therapy and decreasing anxiety, fear and 
self reported pain.   
 
Chronic and repetitive exercises have been shown to create permanent structural changes 
in the brain and a reorganization of the nervous system (Miles, 2005).  An environment 
that consists of functional real world demands and repetitive procedures can aid in the 
restoration and rebuilding of an individual‟s cognitive processes (Optale, 2001).  VR has 
the capability to immerse a disabled individual into a real world setting where he/she can 




Opportunities for using virtual reality rehabilitation (VRR) to improve rehabilitation 
programs include expanding the currently limited opportunities for rehabilitation 
scenarios, enhancing primitive spatial and temporal training scenarios, addressing staff 
and facility limitations, creating user friendly interfaces, and integrating an interactive 
environment.  VR rehabilitation systems are emerging as valuable tools in the 
reestablishment of functionality and improved quality of life for individuals suffering 
from disabilities.  In the case of lower limb amputees, virtual environments can help 
individuals to understand where their limb is in space and in relationship to other objects 
(proprioception).  By creating an environment in which the user‟s limbs (both prosthesis 
and natural) are graphically shown in the “real world” environment, the user can begin to 
understand the necessary motions for walking.  A multidisciplinary effort can bridge 
technology gaps and create a successful VRR system.   
21 
 
3.0 RESEARCH FRAMEWORK 
3.1 The Problem   
Current amputee rehabilitation programs are not standardized (Pasquina, 2006; 
BACPAR, 2003; Gard, 2006).  Amputee training, rehabilitation and assessment methods 
vary from location to location and typically amputees‟ functionality decreases after 
discharge due to inconsistent continuing rehabilitation programs (Evans, 2003).  Lack of 
a standardized approach to therapy and assessment also makes it difficult to draw 
comparisons between studies from region to region (Engstrom, 1999).   
 
Therapists use core education and experience to develop individualized training 
techniques.  This specialization and unique rehabilitation is very beneficial to the 
amputee, but can also lead to inconsistent training among the rehabilitation team.  Often 
amputees continue with gait abnormalities after rehabilitation and therefore have 
inefficient energy expenditures for their gait.  Additionally, VR has not yet been 
integrated as a whole to create a virtual reality rehabilitation system building upon expert 
knowledge and integrating the expertise of an entire rehabilitation team.  In order to 
facilitate best practice rehabilitation, training and assessment need to be baseline 
standardized (Table 1). 
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Table 1: Research Analysis 





-New studies slow to 
improve over past 
-Combine multidisciplinary body of 
knowledge 
-Attempt to create baseline 
standardization 
-Develop follow-on studies to further 
statistical validity and improve design 
VR Training 
-Difficult to control and 
present real world studies 






-Significant decline in 
participation 




User involvement is not only essential in the rehabilitation phase but also during the 
planning and development phase.  Amputees need a flexible rehabilitation program that is 
adaptable to their changing needs.  In order to provide best practice rehabilitation for 
amputees, a team of highly skilled professionals need to work together to develop the 
prosthesis, select and fit the prosthesis and provide training (Engstrom, 1999).   
3.2 Hypothesis/Objective 
It was hypothesized that through appropriate visualization methods, amputees will be 
able to more effectively and efficiently ambulate with more symmetrical gait through an 
improved stride length and a narrower and improved base of support.  The purpose of this 
research was to design a VR system for lower limb amputee rehabilitation and to evaluate 
the effectiveness of VR training for lower limb amputees after conventional rehabilitation 
has been completed.  The evaluation was based on several parameters including stride 
length, width of base of support and trunk forward flexion angle.  The objective of this 
work was to research, develop and demonstrate an integrated virtual reality rehabilitation 
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system integrating gait data parameters collected in a gait lab with a real-time, 
kinematically correct avatar motion in a virtual environment.   
 
3.3 Methodology  
This research investigated the potential that VR holds in the amputee rehabilitation field 
after conventional training has been completed.  It investigated the effects of 
visualization on rehabilitation through the use of a VR rehabilitation system.  The user 
interacted with a virtual environment and feedback recordings were taken in real-time.  
Capabilities such as body movements, kinematic data recordings and real-time 
adaptations to the user‟s environment were employed whenever possible/beneficial.  
Following a thorough literature review and discussions with virtual reality experts, 
rehabilitation experts and amputees, the initial design scheme was developed.  Figure 3 
depicts the design, development and testing scheme of the Virtual Reality Rehabilitation 
System.   
 
 
Figure 3: Path Forward for Virtual Reality Rehabilitation System 
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3.3.1 Identification of Context, Task and Environment 
 
The main objective was to successfully integrate the user‟s kinematic performance 
parameters with a real-time avatar in order to provide feedback to the user.  Based on a 
literature review and discussion with experts in the field, the three most common gait 
deviations amputees exhibit are uneven stride length, unequal weight distribution 
between limbs and a wide base of support (Gailey, 2007).  Two main measurement 
parameters were chosen for analysis – stride length and base of support.  Originally, 
weight bearing between limbs was a selected parameter; however, research has shown 
that with an improved stride length and base of support (more equal stride length and a 
narrower base of support) weight bearing between limbs becomes more even (Personal 
Conversation, Gailey, 2007).  Additionally weight bearing between limb data was not 
analyzed as force plate data was very inconsistent and often unavailable.   
 
The chosen state of training for amputees was at any stage following conventional 
rehabilitation.  Amputees, post conventional rehabilitation, were chosen in an effort to 
eliminate the confounding effects of other therapies and initial rehabilitation/training 
learning curves of new amputees.  Amputees, greater than one year post-amputation who 
had their current prosthesis for at least one year, were recruited.   
 
Integrating VR as an assistive technology for disabled individuals holds great potential.  
The baseline framework for this research is that of Cook and Hussey‟s, a framework for 
the design and implementation of assistive technology (Cook & Hussey, 2002).  Cook 
and Hussey‟s model, the  HAAT model (human, activity, assistive technology) is based 
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on Bailey‟s human performance model (Bailey, 1989) and integrates the human, context, 
activity and assistive technology, or in this case, the VR rehabilitation, holistically.  In the 
case of a disabled individual using assistive technology, performance is the entire system 
(Assistive Technology device, individual with disability and environment [virtual or 
real]).  Using Cook and Hussey‟s model as a baseline and incorporating visualization as 
assistive technology devices allowed for the study of human performance in relationship 
to the task and virtual environment in which the individual is immersed.  The model for 
this research shows the specific relationship that VR rehabilitation has as a part of human 
performance (Figure 4).   
 
Figure 4: Human Performance Model Progression 
The model begins with the need or desire of an individual to perform an activity or 
achieve a task (Cook and Hussey, 2002).  The task/activity is the disabled individual‟s 
specifically designed rehabilitation program and can be incorporated through the use of 
VR rehabilitation.   
 
The developed VRR system is a practical approach to consistent rehabilitation and is 
necessary in order to help to increase functionality of lower limb amputees, improve their 
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activities of daily living (ADLs) and meet the needs for improved and more efficient 
rehabilitation.  It incorporated real-time feedback and performance metrics in order to 
objectively track user progress and help motivate the user to achieve and sustain higher 
levels of performance.  This system leveraged the benefits of currently used gait lab and 
virtual reality systems including kinematic data collection capabilities and dynamic scene 
implementation.  The goal of this research was to use this system to not only reduce the 
restrictions resulting from disabilities but also to improve self-esteem and allow 
individuals to feel as if they are actually participating in the task at hand rather than a 
rehabilitation program.   
3.3.2 Scene Implementation 
The initial development of scenes included several real world scenarios that amputees 
face in everyday life such as crossing the street.  Environments consisting of functional 
real world demands and repetitive procedures can aid in the rebuilding of an individual‟s 
cognitive and physical processes (D‟Angelo, 2010; Optale, 2001; Rizzo, 2002; Rizzo, 
2004).  An ideal system would employ all the senses necessary for an individual to feel 
immersed in the activity at hand.  Using an interactive system with an adaptive feedback 
loop will allow a stepwise training process in order to improve the overall quality of life 
of the individual.  This research focused on the basic aspects of the developed virtual 
reality rehabilitation system and included visual feedback displayed through a projector 
based system.   
 
Scenes developed for simulation included a grassy path with trees, a grassy path with 
fences, a street with a crosswalk (including cars and people), and a generic black road 
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with and without markings (Figure 5).  Based on discussion with virtual reality experts 
and rehabilitation professionals and simulation runs of these scenes with avatars, it was 
decided that a simple black road without markings was best for the purpose of this 
research – evaluation of an integrated virtual reality rehabilitation system for amputee 
training.  This simple and basic scene provided an excellent baseline testing and training 
capability.   
 
Figure 5: Scene Images  
 
Haptic feedback capabilities were also initially investigated.  The goal of the haptic 
feedback would be to stimulate a response correction in gait deviations through a 
vibration signal.  As the goal of this research was to allow amputees to self-correct 
deviations based on visual feedback, haptic feedback was not used.   
 
Different avatar views were also investigated.  This included a bird‟s eye view (view 
from above), side profile image, and first and third person point of view (view of scene 
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through the eyes of the individual or from behind the individual, respectively).  The 
bird‟s eye view or overhead view was not chosen.  When the bird‟s eye view was 
simulated the overall focus was removed from gait analysis and expanded to the entire 
scene.  A side profile image, although helpful in visualizing gait deviations was not 
advantageous for real-time visualization and training.  During simulation runs it was 
determined that walking while watching a side profile image distracted from the task at 
hand.  The remaining two views were the first person point of view and the third person 
point of view.  A third person point of view was chosen so that individuals could walk 
“directly behind themselves.”  This view allowed individuals to step back from the scene 
and watch their walking as if they were walking directly behind themselves.  This 
provides the user with his/her own image and adds realism to the environment (Weiss, 
2004).  It gave the user a sense of presence and real-time feedback about body position 
and posture.  The third person point of view is similar to a therapist walking behind the 
individual and assessing gait deviations.  This view allowed the subject to focus directly 
on leg position in space.  Scene display investigation included a projector based system 
and a head mounted display (HMD). 
3.3.3 Define and Specify Input/Output Modules 
Another goal of this research was to integrate the experience and expertise of an entire 
rehabilitation team.  In order to optimize lower limb amputee rehabilitation the patient, 
family, medical and rehabilitation team, must form a partnership of tolerance, trust and 
understanding (Figure 6).  Rehabilitation specialists across many disciplines must work 
together in order to form an integrated, coordinated and effective treatment plan for the 
amputee.  Once this partnership is developed, the team as a whole must work together to 
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implement rehabilitation.  Through this rehabilitation effort, the rehabilitation team will 
assist and encourage the amputee to, once again, reintegrate into the community 
(Pasquina, 2004).  VR is an excellent assistive rehabilitation technology to assess both 
motor and cognitive abilities and to help plan and execute rehabilitation training.   
 
Figure 6: Radial Diagram of Amputee Rehabilitation Team 
 
Using the partnership developed through the rehabilitation team and a defined design 
schematic, a virtual reality rehabilitation system was developed and tested.  Based on 
initial context, task, and environment evaluations it was decided that only visual feedback 
would be used.  Although haptic (tactile) and auditory feedback were initially 
investigated, the focus of this research was visualization.  The scene was defined as a 
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simple black road with no markings and a self view five feet behind the backside of the 
individual.   
 
A modified Helen Hayes and Cleveland Clinic marker set was used for data collection.  
The Cleveland Clinic marker set uses a rigid triad of markers in a plane parallel to the 
long axis of the bone.  Triads were placed on the lateral aspects of the thigh and shank in 
opposing directions – i.e. if the right shank has a down facing triad, the right thigh will 
have an upward facing triad, the left shank will have an upward facing triad and the left 
thigh will have a downward facing triad.  This set up captured the motion of the thigh and 
shank in a 3-dimensional manner and reduces the amount of skin and muscle movement 
collected.  The Helen Hayes Marker set is a simplified marker set that uses the same foot 
markers, upper body markers and head markers but does not use a triad system or require 
the incorporation of a static trial.  This study involved a combination of the two marker 
sets including a static trial.  The static trial was used to help define knee and ankle joint 
centers and axes of rotation.  The justification for 55 markers was to ensure that a real-
time, kinematically correct avatar was displayed for the subject at all times.  In motion 
analysis systems it is not uncommon for a marker to “drop out” from the collection 
(unseen by the camera).  Virtual markers were developed from additional markers in the 
event a drop out occurred.  This repetition provided an effective rending of the avatar. 
 
3.3.4 Pilot Study  
An initial pilot study was performed by the research team.  The research team includes a 
high functioning amputee who is capable of mimicking gait deviations and very 
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interested in the potential applications of virtual reality to the rehabilitation field.  The 
team completed gait analysis during the testing phase in order to ensure the study was 
indeed feasible for amputees.  Gait deviations were mimicked and gait data was recorded 
(Figure7).  This small scale replication of the full experiment helped to ensure all 
operational parameters were viable.  Based on feedback from the pilot studies, the Virtual 
Reality environment was transitioned from a Head Mounted Display (HMD) to a 
projector based system.  At this time it was also confirmed that there would be no fences 
in the scene, rather a plain black walkway with a backside view of the individual.  This 
allowed the individual to focus on the most important task at hand – analyzing the view 
of him/herself as he/she walked in order to improve gait efficiency.   
 
Figure 7: Gait Deviations for Data Analysis 
 
The intended outcome of this VRR system research is that it will effectively and 
efficiently integrate VR into current lower limb amputee rehabilitation programs and, 
long term, be accepted by both the individual and the training team.  This will require an 
adaptable and flexible system.   
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3.4 Significance of Research 
This research presents a multidisciplinary approach to amputee rehabilitation by 
combining rehabilitation team knowledge and expertise with users' wants and needs into 
a supplementary rehabilitation program that is individualized for users.  It will immerse 
individuals in a real world environment and provide consistent and repeatable training.   
 
Many current rehabilitation approaches are devoid of context.  In contrast, a major 
contribution of this study is to allow individuals to participate in rehabilitation in a 
“natural,” real-world virtual environment setting, thereby coupling more closely with 
their basic environment.  The anticipated benefits of this system implemented in a 
rehabilitation environment include:   
 Increasing functionality of disabled individual and improved ADLs 
 Incorporating real-time feedback and performance metrics 
 Tracking of user progress objectively 
 Increasing motivation (and self-esteem) of the user to achieve and sustain higher 
levels of performance – allowing the user to feel as if he/she is participating in 
task at hand rather than rehabilitation program 
 Reducing restrictions (user to rehabilitate in realistic virtual environment) 
 Integrating virtual reality into current rehabilitation programs effectively and 
efficiently  
 Augmenting facilities and staffing, allowing therapists or rehabilitation staff to 
allot quality time to more patients 
 Acceptance by both individuals and training teams 
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It is expected that incorporating visualization into rehabilitation will allow individuals to 
accomplish the tasks given to them during rehabilitation more easily and successfully 
achieve their rehabilitation goals quickly and efficiently.   
 
This research also tested a new application of Cook and Hussey‟s 2002 Human, Activity, 
Assistive Technology model.  The D‟Angelo et al. 2010 model (Figure 4) incorporated 
the use of virtual reality within the context of rehabilitation training.  Performance 
characteristics were analyzed as an entire system – the disabled individual using assistive 
technology (prosthetic) in a virtual reality rehabilitation environment (virtual or real) 
performing a task.  This analysis presented a study of human performance in relationship 
to the task and virtual environment in which the individual is immersed.   
3.5 Materials and Methods 
3.5.1 Subjects 
The purpose of this study was to evaluate the effectiveness of virtual reality training for 
lower limb amputees after conventional amputee rehabilitation has been completed.  The 
experimental data were collected from six lower limb amputees with lower limb 
prostheses; each subject had his/her amputation at least one year prior to study 
enrollment, had no skin problems of the stump prior to or at the time of participation, had 
his/her current prosthesis for at least one month and were not participating in any other 
therapies.  Amputees were recruited through announcement flyers, amputee support 
group meetings and word of mouth.  
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 Inclusion criteria included (1) lower limb amputation at least 12 months prior to 
study enrollment; (2) discharged from all other rehabilitation for prosthesis/gait; 
(3) have had current prosthesis for at least a month. 
 Exclusion criteria included: (1) < 18 years old or > 75 years old; (2) excessive or 
serious pain; (3) currently participating in any experimental rehabilitation or drug 
studies; (4) history of serious cardiopulmonary abnormalities or severe 
hypertension; (5) inability to walk for at least ten minutes at a time. 
Using these criteria, volunteers who responded to an advertisement were screened. Prior 
to participation, the subject signed
 
an informed consent form approved by the local 
institutional review board.  
3.5.2 Description of Equipment 
The gait lab consisted of a six camera motion capture system (Eagle, Motion Analysis 
Corporation, Santa Rosa, California) located around a twenty-foot walkway.  During the 
training sessions, two projectors were used to project images of the amputee in real-time 
at the end of the walkway as he/she walked.  The virtual reality software Vizard (Vizard, 
WorldViz, Santa Barbara, California) was used to create an avatar or character to be 
displayed on the screen in front of the subject.  Fifty-five retro-reflective markers were 
placed on the subject using a modified combined Helen-Hayes and Cleveland-Clinic 
cluster system (Figure 8).  The primary reason for excessive and repetitive markers was 
to ensure that the avatar could be created in real-time and any drop out of markers would 




Figure 8: Marker Location 
 
3.5.3.2 Full Scale Evaluation of System 
Six lower limb amputee subjects participated in this study; three males and three females 
enrolled in the study.  The mean age was 57.5 years (range 51 – 63 years), the mean 
height 1.73m (range 1.63 to 1.83m), and the mean weight 187.67lbs (range 144 – 230 
lbs).  Note: these were all self reported metrics on the questionnaire.  Using a 
multidisciplinary approach, by combining rehabilitation team knowledge as well as the 
user‟s wants and needs, assessment and training sessions were conducted.  The subjects 
participated in five sessions and completed a 2-minute walk test prior to each session.  
Following the 2-minute walk test they went through a series of walking exercises at self 
selected slow, fast and normal paces.  The initial visit was the subject‟s baseline visit.  
Following baseline there were three training sessions and a final assessment session 
(training also included) (Table 2). During every session a two minute walk test and at 
least three trials of self selected free ambulation, fastest comfortable walking speed and 
slowest comfortable walking speed were completed in the gait analysis laboratory.  The 
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baseline period was used to show no significant changes in gait patterns and walking 
activities occurred (without training).  The training involved self visualization in a virtual 
reality environment.  Individuals with lower limb amputations, post therapy, were trained 
using a dual projector system.  Training occurred over four weeks with one session each 
week lasting approximately one and a half hours.  During the training sessions the subject 
repeated the two minute walking test and series of walking exercises.  At the end of this 
visualization intervention (during the final visit), a reevaluation was completed using the 
initial visit methods.   
Table 2: Subject Assessment Guideline 













Final visit, gait 





During the gait visualization intervention phase, the subject visited the laboratory once a 
week.  Each visit lasted about one and a half hours.  The subject began each assessment 
with a two minute walk test.  The subject then practiced level walking at various 
velocities.  Following initial practice, 1 projector was used at each end of the walk way.  
The projectors projected an image of the individual walking down a pathway. This image 
is called an avatar or graphical image that represents the individual.  The individual saw a 
third person point of view image so that he/she could watch him/herself walk from a rear 
view perspective.  The models of the subjects that were used for real-time visualization 
were generated using WorldViz Software (Vizard).  Based on inputs collected from 
marker data through Cortex, a real-time, kinematically accurate model of the subject was 




Each subject‟s parameters were baselined at the initial visit so that any necessary 
modification to the avatar could be made.  Body segments, joint kinematics and muscle 
attachment sites of the Cortex model (based on the input marker data) were scaled to 
match the subject.  The joint centers for the avatar model were defined by virtual joints.  
Virtual joints were created by locating the boundaries of the joint (medial and lateral 
landmarks) and creating a virtual marker in the center of these two landmarks: 
)( mmm LMpLC  
Where C is the location of the joint center, Lm is the lateral joint marker, Mm is the medial 
joint marker and p is the percentage offset between the lateral and medial joint markers.  
This calculation is based on a review of Hamill and Selbie‟s 2004 book, “3 Dimensional 
Kinetics.”  The only joint center that was calculated in a different fashion was the hip; 
joint center calculations as medial and lateral landmarks about the hip are not a feasible 
or accurate solution.  Motion Analysis Corporation software employs the method 
published by Bell (1989, 1990).   Using this model, the hip joint center was calculated by 
using the ASIS breadth as a reference and moving the joint center virtual marker exactly 
64% laterally, 44% posteriorly and 68% inferiorly.   
 
Based on joint angle calculations the real-time animated avatar was created.  A general 
avatar, a male with jeans and a coat or female with pants and a long sleeve shirt was used 
to remove any potential physiological assessments of self image (i.e. prosthetic leg vs. 
natural leg).   The avatar was displayed as a male or female (male for male subjects, 
female for female subjects) with long sleeves and long pants as self-image relating to the 
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prosthetic was not a focus of this study (Figure 9).  The generic avatars allowed the 
individual to focus specifically on gait parameters.   
 
Figure 9: Subject Training 
 
Each subject performed three trials at self-selected normal, slow and fast velocities.  
Spatiotemporal (velocity, stride length, cadence, step length, step width) bilateral gait 
variables were gathered with the motion capture system.  Data gathered during the 
training sessions and final assessment sessions were compared to the initial data gathered 
during the subject‟s first visit.  All tests were performed at the Gait and Motion 
Laboratory, University of Cincinnati College of Allied Health Sciences, Department of 
Rehabilitation Sciences.   
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4.0 DATA ANALYSIS AND RESULTS 
Motion analysis was performed by using a 3-Dimensional motion analyzer with six 
infrared cameras (Eagle, Motion Analysis Corporation, Santa Rosa, California).  Fifty-
five 25-mm retro-reflective markers were placed on the body for tracking (Table 3).  
Marker placement on the prosthesis was estimated by using bony landmarks on the sound 
limb.  All kinematic data were sampled at 60Hz using a personal computer. 
Table 3: Marker List 
Head: Top Front Rear    
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Following marker set up, subjects walked across the level walkway until they were 
comfortable and accustomed to walking tasks with the markers.  All subjects wore shoes 
during the duration of the study (although one subject changed shoes at one visit but 
chose to go back to her original shoes for the remaining visits).  The subjects walked at 
self-selected speeds on a 20 foot (6.096 meter) gait pathway as the cameras collected 
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position locations of the markers (based on position locations at a given time velocity and 
acceleration was calculated).   
 
The primary outcome measurements were taken using the Motion Analysis Corporation 
System software, Cortex.  This system was used to collect spatiotemporal and kinematic 
data.  In addition to the data collected during gait analysis, subjects filled out 
questionnaires at the end of each session (Figure 10).  These questionnaires helped to 
qualify the subject‟s overall satisfaction with the virtual environment and training 
sessions.  They also served to assess the subject‟s general ability to complete activities of 
daily living and determine if there was any increase in activities of daily living.  The 
questionnaires were a modified self reported activity measurement based on a review and 
studies of the Functional Independence Measures (FIM), Amputee Activity Scale (AAS), 
Prosthetic Profile of an Amputee (PPA), and Locomotors Capabilities Index (LCI) 
(Leung, 1996; Gailey, 2002; Ryall, 2003).  The questionnaires provided a qualitative 





Figure 10: Sample Questions from Questionnaire 
 
The step length (Figure 11) is calculated as the distance between corresponding 
successive points of heel contact of the opposite foot.  In normal gait the right step length 
is equal to the left step length where right step length is the left foot (heel strike) to the 
right foot (heel strike) and the left step length is the right foot (heel strike) to the left foot 
(heel strike).  For this analysis an average step length (average of the right step length and 
average of the left step length) was taken.  The recorded step lengths were averaged over 




Figure 11: Step Length (Left) 
 
The stride length (Figure 12) is the distance between successive points of heel contact of 
the same foot.  In normal gait this is double the step length.  For each leg, the stride was 
analyzed from heel strike to heel strike.   
 
 
Figure 12: Stride Length (Left) 
 
The walking base or base of support (Figure 13) is the side to side distance between the 





Figure 13: Base of Support 
 
Trunk forward flexion angle (Figure 14) was calculated as the angle between a line 
connecting the virtual hip marker (virtual hip joint center based on Bell‟s calculation 
method) and the virtual shoulder marker (general joint center calculation) and a 
horizontal line passing through the hip marker.  Overall improvements in trunk forward 
lean angle have been shown to reduce restriction due to impaired vision, i.e. the 
individual is more aware of their surroundings as they are no longer bent over and 
focused on the ground.   
 
 





The cadence is calculated as the number of steps per unit time, or steps per minute.  The 
velocity is calculated as the distance covered per unit time; the average velocity is 
calculated as step length times the cadence.  All values were compiled into a table 
displaying slow, medium and fast self-selected speeds at baseline, intervention and final 
assessment (Table 4).  Table 4 presents the mean values and standard deviations for all 
six subjects for walking speed (m/min), cadence (step/min), stride length (m), step length 
(m) and step width (m) at baseline, intervention and final assessment.  Self selected 
normal walking speed was used for calculations.  Self selected normal walking speed was 
used for analysis as this is the most realistic walking speed for individuals to carry over to 
their natural, real-world environment.   
Table 4: Spatiotemporal Data 
 
The measurement data for each individual were analyzed using repeated-measures 
analysis of variance (ANOVA).  Table 4 represents the average data set for all six 
subjects.  In order to test the strength association between measures (i.e. 2 minute walk 
test vs. study visit) a linear regression was performed and Pearson‟s population 
correlation (ρ) was calculated (α < .05).  Studies have shown that the two minute walk 
test is responsive to change during rehabilitation and is a moderately to strong correlation 
Average of 6 Subjects Baseline Intervention Final 
Mean SD Mean SD Mean SD 
Walking Speed (m/minute) 57.89905 17.57646 57.95704 19.89431 62.01561 8.934232 
Cadence (Step/minute) 92.78206 18.19122 93.45068 6.826721 96.34983 9.421267 
Stride Length (m) 
Right 1.248243 0.184697 1.240179 0.138139 1.302692 0.123798 
Left 1.22438 0.16225 1.225128 0.124944 1.283117 0.089177 
Average 1.236312 0.172068 1.232654 0.151329 1.292905 0.097928 
Step Length (m) 
Right 0.610363 0.073381 0.647916 0.085146 0.653585 0.081076 
Left 0.622323 0.107851 0.592231 0.091286 0.629667 0.134933 
Average 0.616343 0.089101 0.620073 0.082094 0.641626 0.048971 
Step Width (m) 0.141512 0.094928 0.144723 0.074173 0.167939 0.082313 
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of oxygen consumption (to distance walked) (Bernstien, 1994; Brooks, 2001).  The mean 
and standard deviations were calculated for the following dependent spatiotemporal 
parameters: self-selected walking speed, cadence, stride length, step length and step 
width.  The mean and standard deviation were also calculated for the trunk forward lean 
angle.   
 
Questionnaires were also completed by each subject at every site visit.  These 
questionnaires helped to qualify the subject‟s overall satisfaction with the virtual 
environment and training. They also served to assess the subject‟s general ability to 
complete activities of daily living and determine if there was any improvement.  The 
questionnaires were modified based on a review and studies of the Functional 
Independence Measures (FIM), Amputee Activity Scale (AAS), Prosthetic Profile of an 
Amputee (PPA) and Locomotor Capabilities Index (LCI) (Leung, 1996).   Necessary 
modifications to the virtual environment and training sessions will be suggested based on 
this feedback.   
4.1.1 Subject 1 – AK Left Side Traumatic 
 
This case study involved a 61 year-old male who experienced an above knee lower limb 
amputation on his left side 2.5 years prior to study participation.  He is right hand 
dominant and has been using his prosthetic, an OttoBock™ C-Leg, for approximately 
two years.  The individual participated in five sessions and completed a 2-minute walk 







Table 5: Spatiotemporal Data (Subject 1) 
 
 
Table 5 presents the subject‟s spatiotemporal data.  The associated p-values are also 
presented: green displays a statistically significant p-value in the positive direction (i.e. 
increased walking speed, increased stride length, increased step length or decreased step 
width), and red displays a statistically significant p-value in the negative direction.  The 
values in orange are values that would be statistically significant if the alpha was set to 
0.1 which may be more appropriate for this novel, small scale study.  The statistical 
analysis consisted of 5 separate paired t tests using the before and after data for stride 
length, step length, step width, walking speed and trunk forward lean angle.  All paired t 
tests were 2-tailed and alpha was set at 0.05.  A Pearson‟s correlation coefficient was 
used to calculate the significance of the 2-minute walk test.   
1) Stride Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t-test was based on 
pairings of identical conditions (right heel strike to right heel strike and left heel 
strike to left heel strike) between trials.  Data values were obtained at 3 events 
during the 3 strides – heel strike to heel strike for each foot.  Values from three 
normal walks were used for calculations (n = 9).    Calculations were performed to 
determine if stride length changed during training.  The resulting p-value was 
Baseline Intervention Final 
Mean SD Mean SD Mean SD p-values 
Walking Speed (m/minute) 39.99 1.939 60.082 2.001 65.963 1.859 0.001 
Cadence (Step/minute) 67.72 2.756 87.805 3.996 95.592 3.536 
Stride Length (m) 0.019 
Right 1.182 0.059 1.365 0.01 1.465 0.121 
Left 1.193 0.002 1.367 0.034 1.336 0.051 
Average 1.188 0.035 1.366 0.021 1.4 0.106 
Step Length (m) 0.174 
Right 0.571 0.023 0.692 0.021 0.566 0.126 
Left 0.61 0.026 0.678 0.01 0.814 0.147 
Average 0.591 0.031 0.684 0.015 0.69 0.182 
Step Width (m) 0.047 0.013 0.075 0.009 0.414 0.03 0.0004 
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0.019825; based on the performance parameters of an alpha of 0.05, this 
difference is considered statistically significant.  The subject‟s stride length 
increased over the training period.   
2) Step Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to left heel strike and left heel 
strike to right heel strike respectively) between trials.  Data values were obtained 
at 5 events during the 3 strides – heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculations (n = 15).    Calculations were 
performed to determine if overall step length changed.  The resulting p-value was 
0.1739; based on the performance parameters of an alpha of 0.05, this difference 
is not considered statistically significant.   
3) Step Width  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions at each heel strike (distance between consecutive 
right and left heel strikes) between trials.  Data values were obtained at 5 events 
during the 3 strides – width of heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculation (n = 15).  Calculations were 
performed to determine if the base of support changed.  The resulting p-value was 
0.0004; based on the performance parameters of an alpha of 0.05, this difference 
is considered to be statistically significant.    The subject‟s step width increased 
over the training sessions; this was considered a negative change.   
4) Walking speed  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions of velocity for normal speeds.  Velocity values 
were taken as an average of the 3 strides and an average of three normal walks 
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were used for calculation.  Calculations were performed to determine if there was 
any difference in velocity following training.  (Note walking speed in the 
spatiotemporal table was taken as a average value of cadence (steps per minute) 
and average step width.  In this case, velocity was calculated based on Motion 
Analysis output of velocity taken from initial heel strike to final heel strike of the 
three strides.)  Subject 1 exhibited a significant change in walking velocity with a 
p-value of 0.001.   The subject‟s walking speed increased (improved) over the 
training period of the study. 
5) Trunk forward lean angle  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was 
based on pairings of identical conditions (e.g. right heel strike, left heel strike, 
right toe off, left toe off) between trials.  Data values were obtained at 12 events 
during the 3 strides (right and left heel strike and toe off).  Values from three 
normal walks were used for calculations (n = 36).  The average reduction in trunk 
forward lean angle was 17.48°.  Following intervention the patient had a 
significantly reduced trunk forward lean angle to become more vertical (t[35] = 
44.6749, p = <.0001.  By conventional criteria, this difference is considered to be 
significant.  The subject‟s trunk forward lean angle decreased over the training 
period of the study (positive outcome). 
6) 2-minute walk test  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): In order to test walking velocity 
improvement, linear change over time was investigated using a Pearson‟s 
correlation coefficient.  The 2 minute walk test was found to have a strong linear 














1 2 3 4 5
2 Minute Walk Test_Subject 1
2 Minute Walk Test_Subject 1








Figure 15: 2 Minute Walk Test Correlation (Subject 1) 
 
This subject exhibited a statistically significant width of base of support, although rather 
than a decrease in base of support (positive outcome), this subject exhibited an increase 
in base of support.  This increase was still within accepted average values of base of 
support for amputees (0.116m + 0.05) (Highsmith 2010; Chung, 2008; UASA, 2003).  
The subject‟s stride length and step length symmetry did not exhibit a statistically 
significant change, however, walking speed and distance walked for the two minute walk 
test increased significantly.   
 
Although this user was a very motivated individual who took rehabilitation very seriously 
and was a very active member of society, he stated that he thoroughly enjoyed the 
program.  He felt that he was able to straighten his upper body and focused his training 
sessions on moving his arms in unison with his legs.  Subject 1‟s questionnaire 
documented that he was a very active individual: prosthetic wear every day of the week 
for at least 7 hours, walking for periods of 1-2 hours at a time and no pain with prosthetic.   
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4.1.2 Subject 2 AK Left Side Peripheral Vascular Disease (PVD) 
 
This case study involved a 55 year-old male who experienced an above knee lower limb 
amputation on his left side 5 years prior to study participation.  He is right hand dominant 
and has been using his prosthetic, an OttoBock™ C-Leg, for approximately one and a 
half years.  The individual participated in five sessions and completed a 2-minute walk 
test prior to each session.    
Table 6: Spatiotemporal Data (Subject 2) 
 
 
Table 6 presents the subject‟s spatiotemporal data.  The associated p-values are also 
presented: green displays a statistically significant p-value in the positive direction (i.e. 
increased walking speed, increased stride length, increased step length or decreased step 
width), and red displays a statistically significant p-value in the negative direction.  The 
values in orange are values that would be statistically significant if the alpha was set to 
0.1 which may be more appropriate for this novel, small scale study.  The statistical 
analysis consisted of 5 separate paired t tests using the before and after data for stride 
length, step length, step width, walking speed and trunk forward lean angle.  All paired t 
tests were 2-tailed and alpha was set at 0.05.  A Pearson‟s correlation coefficient was 
used to calculate the significance of the 2-minute walk test.   
Baseline Intervention Final 
Mean SD Mean SD Mean SD p-values 
Walking Speed (m/minute) 46.762 0.922 47.17 1.581 65.794 1.507 0.001 
Cadence (Step/minute) 94.315 1.77 97.72 3.073 106.92 2.753 
Stride Length (m) 0.094 
Right 0.995 0.157 0.961 0.01 1.184 0.036 
Left 1.031 0.026 0.971 0.008 1.33 0.257 
Average 1.013 0.094 0.966 0.009 1.267 0.172 
Step Length (m) 0.297 
Right 0.532 0.039 0.565 0.002 0.793 0.25 
Left 0.46 0.084 0.4 0.01 0.438 0.172 
Average 0.469 0.074 0.483 0.061 0.615 0.261 




1) Stride Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to right heel strike and left heel 
strike to left heel strike) between trials.  Data values were obtained at 3 events 
during the 3 strides – heel strike to heel strike for each foot.  Values from three 
normal walks were used for calculations (n = 9).    Calculations were performed to 
determine if stride length changed during training.  The resulting p-value was 
0.0944; based on the performance parameters of an alpha of 0.05, this difference 
is not considered statistically significant.  However, at an alpha level of 
significance of 0.1 the p-value is significant and therefore it is hypothesized that 
with additional sessions this individual‟s stride length would improve.   
2) Step Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to left heel strike and left heel 
strike to right heel strike respectively) between trials.  Data values were obtained 
at 5 events during the 3 strides – heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculations (n = 15).    Calculations were 
performed to determine if overall step length changed.  The resulting p-value was 
0.2969; based on the performance parameters of an alpha of 0.05, this difference 
is not considered statistically significant.   
3) Step Width  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions at each heel strike (distance between consecutive 
right and left heel strikes) between trials.  Data values were obtained at 5 events 
during the 3 strides – width of heel strike to heel strike of opposite feet.  Values 
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from three normal walks were used for calculation (n = 15).  Calculations were 
performed to determine if the base of support changed.  The resulting p-value was 
very large (p = 0.41); based on the performance parameters of an alpha of 0.05, 
this difference is not considered to be statistically significant.     
4) Walking speed  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions of velocity for normal speeds.  Velocity values 
were taken as an average of the 3 strides and an average of three normal walks 
were used for calculation.  Calculations were performed to determine if there was 
any difference in velocity following training.  (Note Walking Speed in the 
spatiotemporal table was taken as an average value of cadence (steps per minute) 
and average step width.  In this case, velocity was calculated based on Motion 
Analysis output of velocity taken from initial heel strike to final heel strike of the 
three strides.)  Subject 2 exhibited a significant change in walking velocity with a 
p-value of  0.001.   The subject‟s walking speed increased (improved) over the 
training period of the study.   
5) Trunk forward lean angle  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was 
based on pairings of identical conditions (e.g. right heel strike, left heel strike, 
right toe off, left toe off) between trials.  Data values were obtained at 12 events 
during the 3 strides (right and left heel strike and toe off).  Values from three 
normal walks were used for calculations (n = 36).  The average reduction in trunk 
forward lean angle was 17.59°.  Following intervention the patient had a 
significantly reduced trunk forward lean angle to become more vertical (t[35] = 
27.796, p = <.0001.  By conventional criteria, this difference is considered to be 
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significant.  The subject‟s trunk forward lean angle was reduced over the training 
period of the study (positive outcome). 
6) 2-minute walk test  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): In order to test walking velocity 
improvement, linear change over time was investigated using a Pearson‟s 
correlation coefficient.  The 2 minute walk test was found to have a strong linear 
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Figure 16: 2 Minute Walk Test Correlation (Subject 2) 
 
 
This subject initially had great difficulty walking at self-selected fast and slow speeds. He 
stated: 
At first, walking slow was my least favorite.  However, this visualization 
technique has made the slow walking my FAVORITE MODE of walking.  
This visualization has dramatically improved my gait.  Something as 
simple as watching yourself while walking improved my gait 
tremendously.  I‟ve learned more with this visual, than anything else to 
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date.   
 
Although subject 2‟s gait did not improve based on the self selected parameters he was 
able to walk farther during the two minute walk test and learned to swing both arms and 
keep his head up while walking.  He felt this study was very motivational and took home 
what he learned following the study to keep practicing and improving his gait.  Subject 
2‟s questionnaire documented that he was a moderately active individual: prosthetic wear 
every day of the week for at least 7 hours, walking for periods of 5-10 minutes at a time 
and no pain with prosthesis.  
4.1.3 Subject 3 BK Right Side Traumatic 
The case study involved a 61 year old male who had experienced a below knee lower 
limb amputation on his right side 30 years prior to study enrollment.  He is left hand 
dominant.  He has been using his prosthetic for approximately two months.  The 
individual participated in five sessions and completed a 2-minute walk test prior to each 
session.   
Table 7: Spatiotemporal Data (Subject 3) 
 
 
Table 7 presents the subject‟s spatiotemporal data.  The associated p-values are also 
presented: green displays a statistically significant p-value in the positive direction (i.e. 
Baseline Intervention Final 
Mean SD Mean SD Mean SD p-values 
Walking Speed (m/minute) 71.28 1.323 63.161 1.334 67.147 1.205 0.0002 
Cadence (Step/minute) 97.297 2.602 97.746 2.625 97.72 2.347 
Stride Length (m) 0.07 
Right 1.478 0.04 1.293 0.019 1.403 0.065 
Left 1.458 0.063 1.291 0.015 1.648 0.073 
Average 1.468 0.044 1.292 0.014 1.375 0.065 
Step Length (m) 0.57 
Right 0.699 0.036 0.608 0.015 0.643 0.03 
Left 0.766 0.023 0.684 0.003 0.731 0.055 
Average 0.732 0.044 0.646 0.043 0.688 0.064 
Step Width (m) 0.134 0.015 0.168 0.052 0.193 0.019 0.66 
55 
 
increased walking speed, increased stride length, increased step length or decreased step 
width), and red displays a statistically significant p-value in the negative direction.  The 
values in orange are values that would be statistically significant if the alpha was set to 
0.1 which may be more appropriate for this novel, small scale study.  The statistical 
analysis consisted of 5 separate paired t tests using the before and after data for stride 
length, step length, step width, walking speed and trunk forward lean angle.  All paired t 
tests were 2-tailed and alpha was set at 0.05.  A Pearson‟s correlation coefficient was 
used to calculate the significance of the 2-minute walk test.   
.   
1) Stride Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to right heel strike and left heel 
strike to left heel strike) between trials.  Data values were obtained at 3 events 
during the 3 strides – heel strike to heel strike for each foot.  Values from three 
normal walks were used for calculations (n = 9).    Calculations were performed to 
determine if stride length changed during training.  The resulting p-value was 
0.07; based on the performance parameters of an alpha of 0.05, this difference is 
not considered statistically significant.  However, at an alpha level of significance 
of 0.1 the p-value is significant and therefore it is hypothesized that with 
additional sessions this individual‟s stride length would improve.   
2) Step Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to left heel strike and left heel 
strike to right heel strike respectively) between trials.  Data values were obtained 
at 5 events during the 3 strides – heel strike to heel strike of opposite feet.  Values 
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from three normal walks were used for calculations (n = 15).    Calculations were 
performed to determine if overall step length changed.  The resulting p-value was 
significantly large; based on the performance parameters of an alpha of 0.05, this 
difference is not considered statistically significant.   
3) Step Width  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions at each heel strike (distance between consecutive 
right and left heel strikes) between trials.  Data values were obtained at 5 events 
during the 3 strides – width of heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculation (n = 15).  Calculations were 
performed to determine if the base of support changed.  The resulting p-value was 
significantly large; based on the performance parameters of an alpha of 0.05, this 
difference is not considered to be statistically significant.     
4) Walking speed  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions of velocity for normal speeds.  Velocity values 
were taken as an average of the 3 strides and an average of three normal walks 
were used for calculation.  Calculations were performed to determine if there was 
any difference in velocity following training.  (Note Walking Speed in the 
spatiotemporal table was taken as an average value of cadence (steps per minute) 
and average step width.  In this case, velocity was calculated based on Motion 
Analysis output of velocity taken from initial heel strike to final heel strike of the 
three strides.)  Subject 3 exhibited a statistically significant change in walking 
velocity with a p-value of .0002.  The subject‟s walking speed increased 
(improved) over the training period of the study.        
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5) Trunk forward lean angle  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was 
based on pairings of identical conditions (e.g. right heel strike, left heel strike, 
right toe off, left toe off) between trials.  Data values were obtained at 12 events 
during the 3 strides (right and left heel strike and toe off).  Values from three 
normal walks were used for calculations (n = 36).  The average reduction in trunk 
forward lean angle was 9.49°.  Following intervention the patient had a 
significantly reduced trunk forward lean angle to become more vertical (t[35] = 
40.6749, p = 0.001).  By conventional criteria, this difference is considered to be 
significant.  The subject‟s trunk forward lean angle decreased over the training 
period of the study (positive outcome).  
6) 2-minute walk test  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): In order to test walking velocity 
improvement, linear change over time was investigated using a Pearson‟s 
correlation coefficient.  The 2 minute walk test was found to have a strong linear 
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Figure 17: 2 Minute Walk Test Correlation (Subject 3) 
 
This was the first enrolled below knee amputee.  This subject felt that he did not have any 
gait parameters to improve but wanted to enroll in the study to study his gait.  He did not 
show any statistically significant improvements over the course of the study.  However, 
during the third visit this subject‟s prosthetist came to observe.  During training the 
prosthetist noticed that the subject‟s avatar had uneven shoulders (i.e. the right shoulder 
was higher than the left).  As a result, the subject was able to focus on squaring his 
shoulders while he walked.  The subject stated, “I enjoyed the study and I was able to 
square my shoulders and improve my gait.  I was able to observe the other subjects and 
they seemed to improve their gaits also.”  Subject 3‟s questionnaire demonstrated that he 
was a very active individual: prosthetic wear every day of the week for at least 7 hours, 







4.1.4 Subject 4 BK Bi-Lateral Strep 
Case study 4 involved a 63 year old female who had experienced a bi-lateral below knee 
amputation.  She also had two upper limb amputations resulting from a group A 
streptococcal infection which spread into her blood stream.  Her amputations were the 
result of blood clots and necrotizing fasciitis (flesh eating disease).  She was originally 
right handed and is now left handed due to amputations.  The individual participated in 
five sessions and completed a 2-minute walk test prior to each session.   




 Table 8 presents the subject‟s spatiotemporal data.  The associated p-values are also 
presented: green displays a statistically significant p-value in the positive direction (i.e. 
increased walking speed, increased stride length, increased step length or decreased step 
width).  The statistical analysis consisted of 5 separate paired t tests using the before and 
after data for stride length, step length, step width, walking speed and trunk forward lean 
angle.  All paired t tests were 2-tailed and alpha was set at 0.05.  A Pearson‟s correlation 
coefficient was used to calculate the significance of the 2-minute walk test.   
1) Stride Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to right heel strike and left heel 
Baseline Intervention Final 
Mean SD Mean SD Mean SD p-values 
Walking Speed (m/minute) 61.656 1.76 61.833 1.942 58.456 1.212 0.542 
Cadence (Step/minute) 93.387 2.38 94.419 3.516 95.592 1.522 
Stride Length (m) 0.0744 
Right 1.239 0.024 1.265 0.012 1.235 0.006 
Left 1.233 0.011 1.256 0.037 1.218 0.021 
Average 1.236 0.016 1.26 0.026 1.226 0.016 
Step Length (m) 0.0866 
Right 0.605 0.003 0.629 0.007 0.612 0.005 
Left 0.635 0.016 0.627 0.025 0.611 0.02 
Average 0.62 0.02 0.628 0.021 0.612 0.014 
Step Width (m) 0.062 0.033 0.073 0.063 0.052 0.045 0.678 
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strike to left heel strike) between trials.  Data values were obtained at 3 events 
during the 3 strides – heel strike to heel strike for each foot.  Values from three 
normal walks were used for calculations (n = 9).    Calculations were performed to 
determine if stride length changed during training.  The resulting p-value was 
0.0744; based on the performance parameters of an alpha of 0.05, this difference 
is not considered statistically significant.  However, at an alpha level of 
significance of 0.1 the p-value is significant and therefore it is hypothesized that 
with additional sessions this individual‟s stride length would improve. 
2) Step Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to left heel strike and left heel 
strike to right heel strike respectively) between trials.  Data values were obtained 
at 5 events during the 3 strides – heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculations (n = 15).    Calculations were 
performed to determine if overall step length changed.  The resulting p-value was 
0.0866; based on the performance parameters of an alpha of 0.05, this difference 
is not considered statistically significant.  However, at an alpha level of 
significance of 0.1 the p-value is significant and therefore it is hypothesized that 
with additional sessions this individual‟s step length would improve. 
3) Step Width  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions at each heel strike (distance between consecutive 
right and left heel strikes) between trials.  Data values were obtained at 5 events 
during the 3 strides – width of heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculation (n = 15).  Calculations were 
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performed to determine if the base of support changed.  This calculation resulted 
in a very high p-value with no statistical significance.  This lack of statistical 
significance was due to a significantly high standard deviation.   
4) Walking speed  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions of velocity for normal speeds.  Velocity values 
were taken as an average of the 3 strides and an average of three normal walks 
were used for calculation.  Calculations were performed to determine if there was 
any difference in velocity following training.  (Note Walking Speed in the 
spatiotemporal table was taken as an average value of cadence (steps per minute) 
and average step width.  In this case, velocity was calculated based on Motion 
Analysis output of velocity taken from initial heel strike to final heel strike.)  
There was significant variation in velocity parameters, therefore resulting in a 
high p-value and no statistical significance.   
5) Trunk forward lean angle  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was 
based on pairings of identical conditions (e.g. right heel strike, left heel strike, 
right toe off, left toe off) between trials.  Data values were obtained at 12 events 
during the 3 strides (right and left heel strike and toe off).  Values from three 
normal walks were used for calculations (n = 36).  The average reduction in trunk 
forward lean angle was 4.75°.  Following intervention the patient had a 
significantly reduced trunk forward lean angle to become more vertical (t[35] = 
15.2537, P = <.0001.  By conventional criteria, this difference is considered to be 
significant.  The subject‟s trunk forward lean angle as reduced over the training 
period of the study (positive outcome). 
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6) 2-minute walk test  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): In order to test walking velocity 
improvement, linear change over time was investigated using a Pearson‟s 
correlation coefficient.  The 2 minute walk test was found to have a strong linear 





Figure 18: 2 Minute Walk Test Correlation (Subject 4) 
 
 
This amputee was the only subject enrolled in the study who had two lower limb 
amputations (both below knee).  She is a very active individual in society and had use of 
both her knee joints as she was a bilateral below knee amputee.  The subject enjoyed the 
study and felt that the self visualization aspects were very motivating.  She stated that this 
training would have been very beneficial to her during her early stages of rehabilitation as 
self visualization was very helpful to show her how she walked.  This would have 
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allowed for early gait rehabilitation and training rather than late stage correction of gait 
deviations.  Subject 4‟s questionnaire documented that she was a very active individual: 
prosthetic wear every day of the week for at least 7 hours, walking for at least two hours 
at a time and no pain with prosthetic.   
 
4.1.5 Subject 5 AK Left Side Cancer 
This case study involved a 51 year old female who had experienced an above knee lower 
limb amputation on her left side 33 years prior to study enrollment.  The individual 
participated in five sessions and completed a 2-minute walk test prior to each session.   
Table 9: Spatiotemporal Data (Subject 5) 
Baseline Intervention Final
Mean SD Mean SD Mean SD p-values
Walking Speed (m/minute) 84.29597 1.150075 68.53301 1.561326 69.34622 1.296985 0.839
Cadence (Step/minute) 120 2.233279 96.87836 2.89957 102.8571 2.560114
Stride Length (m) 0.09
Right 1.445839 0.052006 1.40067 0.123119 1.361739 0.034533
Left 1.355157 0.014375 1.312401 0.371494 1.337349 0.044252
Average 1.400498 0.060922 1.356535 0.23163 1.349544 0.035335
Step Length (m) 0.29
Right 0.700928 0.030932 0.825658 0.186603 0.698666 0.022145
Left 0.704005 0.091974 0.589168 0.220375 0.649733 0.024711
Average 0.702466 0.066871 0.707413 0.223083 0.674199 0.033856
Step Width (m) 0.108082 0.018633 0.10964 0.036888 0.128479 0.008889 0.94  
Table 9 presents the subject‟s spatiotemporal data.  The associated p-values are also 
presented: green displays a statistically significant p-value in the positive direction (i.e. 
increased walking speed, increased stride length, increased step length or decreased step 
width).  The statistical analysis consisted of 5 separate paired t tests using the before and 
after data for stride length, step length, step width, walking speed and trunk forward lean 
angle.  All paired t tests were 2-tailed and alpha was set at 0.05.  A Pearson‟s correlation 
coefficient was used to calculate the significance of the 2-minute walk test.   
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1) Stride Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to right heel strike and left heel 
strike to left heel strike) between trials.  Data values were obtained at 3 events 
during the 3 strides – heel strike to heel strike for each foot.  Values from three 
normal walks were used for calculations (n = 9).    Calculations were performed to 
determine if stride length changed during training.  The resulting p-value was 
0.09; based on the performance parameters of an alpha of 0.05, this difference is 
not considered statistically significant.  However, at an alpha level of significance 
of 0.1 the p-value is significant and therefore it is hypothesized that with 
additional sessions this individual‟s stride length would improve. 
2) Step Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to left heel strike and left heel 
strike to right heel strike respectively) between trials.  Data values were obtained 
at 5 events during the 3 strides – heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculations (n = 15).    Calculations were 
performed to determine if overall step length changed.  The resulting p-value was 
large (p=0.29); based on the performance parameters of an alpha of 0.05, this 
difference is not considered statistically significant.   
3) Step Width  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions at each heel strike (distance between consecutive 
right and left heel strikes) between trials.  Data values were obtained at 5 events 
during the 3 strides – width of heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculation (n = 15).  Calculations were 
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performed to determine if the base of support changed.  The resulting p-value was 
very large (p = .94); based on the performance parameters of an alpha of 0.05, this 
difference is not considered to be statistically significant.     
4) Walking speed  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions of velocity for normal speeds.  Velocity values 
were taken as an average of the 3 strides and an average of three normal walks 
were used for calculation.  Calculations were performed to determine if there was 
any difference in velocity following training.  (Note Walking Speed in the 
spatiotemporal table was taken as a average value of cadence (steps per minute) 
and average step width.  In this case, velocity was calculated based on Motion 
Analysis output of velocity taken from initial heel strike to final heel strike of the 
three strides.)  Subject 5 did not exhibit a significant change in walking velocity 
with a very large p-value (0.839).    
5) Trunk forward lean angle  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was 
based on pairings of identical conditions (e.g. right heel strike, left heel strike, 
right toe off, left toe off) between trials.  Data values were obtained at 12 events 
during the 3 strides (right and left heel strike and toe off).  Values from three 
normal walks were used for calculations (n = 36).  The average reduction in trunk 
forward lean angle was greater than ten (12.39°).  Following intervention the 
patient had a significantly reduced trunk forward lean angle to become more 
vertical (t[35] = 5.5987, P = <.0001.  By conventional criteria, this difference is 
considered to be extremely significant.   
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6) 2-minute walk test  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): In order to test walking velocity 
improvement, linear change over time was investigated using a Pearson‟s 
correlation coefficient.  The 2 minute walk test was found to have a strong linear 
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Figure 19: 2 Minute Walk Test Correlation (Subject 5) 
 
 
This amputee had her amputation over thirty years ago and was mainly concerned with 
pelvic tilt and lean as she walked.  Following the study she reported that she continued to 
work to improve her muscle strength, straighten her gait (reduce trunk forward lean 
angle) and walk more “naturally”.  Subject 5‟s questionnaire documented that she was an 
active individual: prosthetic wear everyday of the week for at least 7 hours, walking for 





4.1.6 Subject 6 AK Right Side Staph 
This case study involves a 54 year old female who had experienced an above knee lower 
limb amputation on her left side one year prior to study enrollment.  This individual did 
not complete all five sessions, rather the individual participated in four sessions and 
completed a 2-minute walk test prior to each session.  The fourth session was used as 
measurement for her final session.   
Table 10: Spatiotemporal Data (Subject 6) 
Baseline Intervention Final
Mean SD Mean SD Mean SD p-values
Walking Speed (m/minute) 43.4096 2.042795 46.9637 1.621598 45.38726 2.23527 0.734
Cadence (Step/minute) 77.97271 4.032834 82.13552 3.209787 79.4176 4.417442
Stride Length (m) 0.32
Right 1.149391 0.071459 1.156996 0.077688 1.168285 0.021069
Left 1.075742 0.063909 1.154745 0.02672 1.130185 0.031816
Average 1.112567 0.069797 1.155871 0.04745 1.149235 0.031133
Step Length (m) 0.78
Right 0.554599 0.015606 0.567509 0.027075 0.609626 0.021567
Left 0.558857 0.073714 0.576057 0.042684 0.533377 0.043792
Average 0.556728 0.052756 0.571783 0.033409 0.571501 0.053097
Step Width (m) 0.196845 0.025085 0.17605 0.036761 0.19514 0.02468 0.94  
 
Table 10 presents the subject‟s spatiotemporal data.  The associated p-values are also 
presented: green displays a statistically significant p-value in the positive direction (i.e. 
increased walking speed, increased stride length, increased step length or decreased step 
width).  The statistical analysis consisted of 5 separate paired t tests using the before and 
after data for stride length, step length, step width, walking speed and trunk forward lean 
angle.  All paired t tests were 2-tailed and alpha was set at 0.05.  A Pearson‟s correlation 
coefficient was used to calculate the significance of the 2-minute walk test.   
1) Stride Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to right heel strike and left heel 
strike to left heel strike) between trials.  Data values were obtained at 3 events 
during the 3 strides – heel strike to heel strike for each foot.  Values from three 
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normal walks were used for calculations (n = 9).    Calculations were performed to 
determine if stride length changed during training.  The resulting p-value was 
0.32; based on the performance parameters of an alpha of 0.05, this difference is 
not considered statistically significant.   
2) Step Length (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions (right heel strike to left heel strike and left heel 
strike to right heel strike respectively) between trials.  Data values were obtained 
at 5 events during the 3 strides – heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculations (n = 15).    Calculations were 
performed to determine if overall step length changed.  The resulting p-value was 
very large (p=0.78); based on the performance parameters of an alpha of 0.05, this 
difference is not considered statistically significant.   
3) Step Width  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions at each heel strike (distance between consecutive 
right and left heel strikes) between trials.  Data values were obtained at 5 events 
during the 3 strides – width of heel strike to heel strike of opposite feet.  Values 
from three normal walks were used for calculation (n = 15).  Calculations were 
performed to determine if the base of support changed.  The resulting p-value was 
very large (p = .94); based on the performance parameters of an alpha of 0.05, this 
difference is not considered to be statistically significant.     
4) Walking speed  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was based on 
pairings of identical conditions of velocity for normal speeds.  Velocity values 
were taken as an average of the 3 strides and an average of three normal walks 
69 
 
were used for calculation.  Calculations were performed to determine if there was 
any difference in velocity following training.  (Note Walking Speed in the 
spatiotemporal table was taken as an average value of cadence (steps per minute) 
and average step width.  In this case, velocity was calculated based on Motion 
Analysis output of velocity taken from initial heel strike to final heel strike of the 
three strides.)  Subject 6 did not exhibit a significant change in walking velocity 
with a very large p-value (0.734).    
5) Trunk forward lean angle  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): This paired t test was 
based on pairings of identical conditions (e.g. right heel strike, left heel strike, 
right toe off, left toe off) between trials.  Data values were obtained at 12 events 
during the 3 strides (right and left heel strike and toe off).  Values from three 
normal walks were used for calculations (n = 36).  The average reduction in trunk 
forward lean angle was 6.533°.  Following intervention the patient had a 
significantly reduced trunk forward lean angle to become more vertical (t[35] = 
10.0241, p = .0001.  By conventional criteria, this difference is considered to be 
extremely significant.   
6) 2-minute walk test  (H0: µ1-µ2 = 0, Ha: µ1-µ2 ≠ 0): In order to test walking velocity 
improvement, linear change over time was investigated using a Pearson‟s 
correlation coefficient.  The 2 minute walk test was found to have a strong linear 
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Figure 20:  2 Minute Walk Test Correlation (Subject 6) 
 
4.2 Study Analysis and Assessment 
Individual subject walking speed was plotted for baseline, intervention and final 
assessment (Figure 21).  Three subjects (subject 1, 2 and 3) exhibited statistically 
significant (α=.05) changes in walking speed over the duration of the study (between 
baseline and final assessment). 
 




Subject Stride Length (right and left) was plotted over the study duration (Figure 22).  No 
statistically significant changes were noted in stride length over the course of the study. 
 
 
Figure 22: Average Subject Stride Length (Right and Left – Baseline, Intervention, and Final) 
 
Correlations of step length, step width and base of support were tested against the 2-
minute walk test (α=.01).  Step length had the highest correlation with the 2 minute walk 
test.  As correlation does not necessarily imply causality, it can be concluded that 
resulting from high correlation there may be a linear trend between step length and the 2 












Six main parameters related to gait quality were analyzed from the kinematic data 
collected.  These parameters included walking speed, step length, stride length, width of 
base of support, trunk forward lean angle, and distance walked during the two minute 
walk test.  All calculations were made based on the center ten feet of the walking volume; 
the length of volume available was 20 feet (6.096m) the five feet (1.524m) on either side 
were discarded to account for ramp up and slow down of walking.  Walking speed was 
determined as meters/minute and was calculated using the center volume.  The walking 
speed was a product of cadence and step length.  This was calculated for self selected 
normal, fast and slow speeds.  Cadence (steps/minute) was determined by the total 
number of steps divided by the time needed to complete the steps.  Step lengths were not 
normalized to leg length as the subject served as his/her own baseline and the data 
analysis focused on improvement ratios rather than quantified data values.   Before the 
measurements were taken, the subject first practiced walking to get used to the gait 
laboratory and markers. 
 
The subjects completed a baseline visit, three training sessions and a final training and 
gait assessment session.  Compliance for five of the six subjects was 100% (one subject 
missed her final visit; therefore assessment was made her last visit rather than the final 
visit of the study).   
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5.1 Study Parameters 
This study was limited by the small number of subjects and a diverse subject pool.  It 
does, however, allow for a broader generalization of the results that were statistically 
significant across subjects as the subjects‟ amputee level and location varied.  Of the six 
characteristics analyzed, only trunk forward lean angle and the two minute walk text 
exhibited statistically significant differences between baseline and final assessment.   
5.1.1 Stride Length 
 
Stride length was one of the main study parameters.  It was hypothesized that following 
training, subjects would exhibit an increased overall stride length.  Analysis did not show 
a statistically significant change and therefore the hypothesis that the stride lengths before 
and after training are different overall was not rejected.  Amputees often compensate for 
lower velocity speeds by increasing stride length rather than step length, thus showing an 
asymmetrical stride pattern.  This significant difference in stride length (or step length) 
was not seen.  However it is not atypical to not have significant changes in stride and step 
length in small studies (Weiss, 2004).   
5.1.2 Step Length 
 
Step length was the second main parameter studied.  It was hypothesized that following 
training subjects would exhibit a more symmetrical step length between their prosthetic 
and natural leg (or in the case of our bi-lateral amputee a more symmetrical step length 
overall).  Analysis did not show a statistically significant change and therefore the 
hypothesis that step lengths before and after training are different overall was not 
rejected.   
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5.1.3 Step Width 
Step width is not as commonly reported in the literature as other measures, however, it 
does play an important role in assessing balance and individual‟s comfort level with 
balance (Su, 2008).  The average step width of amputees is 0.116 meters.  The average 
step width for the subjects throughout the study was well within the range of average step 
width of amputees (0.114m baseline, 0.116 final).   
5.1.4 Walking Speed 
This parameter did not show a significant change among the subjects overall.  Self 
selected normal walking speed is used by individuals to optimize walking efficiency.  
Amputees typically exhibit a lower self selected walking speed but individually optimize 
it based on their abilities (prosthetic fitting and use, muscle strength, residual limb).   
5.1.5 Trunk Forward Lean Angle 
This parameter did in fact vary among all subjects at statistically significant levels.  
Across the subject pool all trunk forward lean angles improved, therefore by the end of 
the study all participants were standing straighter (closer to 90° from the horizontal).  
Trunk forward lean is an important parameter to consider as individuals who exhibit 
excessive lean often have impaired ability to see what is in front of them (Smith, 2009).  
A reduced trunk forward lean angle allows the individual to become more aware of their 
situation and can reduce crashes/falls.   
5.1.6 Two-Minute Walk Test 
The two minute walk test also improved for all six subjects.  This test has been shown to 
strongly correlate with response to rehabilitation (Brooks, 2001).  The benefit to the two 
minute walk test is that the subjects were not confined in a lab space with markers placed 
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on their body.  They were told to walk as far as they could in the walking area provided 
(rectangular walking area).  Subjects enjoyed participation in the two minute walk test as 
they were allowed to freely ambulate at any chosen speed during this parameter of the 
study.   
 
All six subjects stated very positive outcomes resulting from the study.  Based on study 
outcomes it is believed that further data analysis is required to determine the 
effectiveness of this VRR system.  Many subjects focused on keeping their head up, 
squaring their shoulders and moving their arms in unison with their legs.  Further analysis 
is warranted to study the changes in arm flexion/extension, knee flexion/extension, pelvic 
rotation and trunk angles.  Additionally, this study was completed significantly post 
amputation.  Many subjects were several years post amputation.  Correcting „established 
bad habits‟ is more difficult than  preventing incorrect gait patterns. Future analysis is 
warranted to study training outcomes in earlier phases of rehabilitation.    
 
 
Although the main outcome measurements, stride length, difference in stride width and 
width of base of support, did not show any statistically significant changes the outcome 
of this study was still positive.  This study presents an interesting question that warrants 
future research and discussion: what is considered a good outcome and what are the best 
criteria measurements for success?  In this study, although stride length, stride width and 
width of base of support did not show statistically significant changes according to the 
data analysis, the individuals improved their trunk forward lean angles and distance 
walked during the 2-minute walk test.  The reduction in trunk forward lean angle resulted 
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in the individuals being able to walk and stand in a more straight position and therefore 
possess the capability to be more aware of the subjects‟ environment as they walk.  The 
increase in distance walked during the 2 minute walk test was very motivating to all of 
the subjects and they stated that the 2 minute walk test is something they anticipated 
practicing at the conclusion of this study.  They enjoyed the challenge of walking as far 
as they could during a short period of time. 
 
Researchers in amputee rehabilitation do not agree on the best criteria for successful 
amputee rehabilitation outcomes (Kent, 1993; Treweek, 1997).  Outcomes include 
prosthetic fitting assessments, spatiotemporal gait parameters, activities of daily living 
scales, functional measurements, etc. (Deluccia, 1998; Dove. 1982; Kernstein, 1975; 
Moore, 1989; Weiss, 1990).  The other factor that will need to be taken into consideration 
in future studies when assessing the best outcomes for rehabilitation is the current stage 
of rehabilitation.  Initially, individuals will focus on prosthetic fitting and general 
spatiotemporal gait parameters.  As the individual progresses in his/her rehabilitation, 
ideally he/she will have worked to optimize prosthetic fittings and gait parameters and 
will work to incorporate these parameters into the optimization of activities of daily 
living and functional capabilities.  Valid and reliable measurement outcomes need to be 
chosen at each stage of rehabilitation so that accurate study comparisons can be made 
without bias.  Using this VRR tool will help to standardize outcomes and provide best 
practice for successful rehabilitation.  This tool provides the capability to incorporate 
subject data in raw and analyzed form and present this data to both the therapist and the 
amputee.   
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6.0 CONCLUSION   
Chronic and repetitive exercises have been shown to create permanent structural changes 
in the brain and a reorganization of the nervous system (Miles, 2003).  An environment 
that consists of functional real world demands and repetitive procedures can aid in the 
restoration and rebuilding of an individual‟s cognitive processes (Optale, 2001).  VR has 
the capability to immerse a disabled individual into a real world setting where he/she can 
participate in realistic scenarios as part of his/her rehabilitation program.   
 
This VRR environment presented the user with real-time feedback based on self 
movement.  The hypotheses were not rejected; stride length, base of support and 
difference in step length showed no statistically significant differences between baseline 
training and final training.  However, all subjects exhibited reduced trunk forward lean 
angles and improved distance walked during the two minute walk test.  All subjects 
stated that they enjoyed the study and found it motivating.  The chosen walking speed for 
parameter analysis (normal) may not have been the most advantageous parameter of 
choice; however it is the most natural parameter for real world applications.  
Additionally, although the avatar was limited in scope to reflect a simple individual with 
jeans and a long sleeve shirt, there still may have been too much information presented in 
the scene.  The majority of the subjects were concerned with their upper torso and how 
their arms moved in unison with their legs.  Future work is warranted to study the effects 




Although the main hypotheses were rejected (more symmetrical stride length and 
narrower base of support), this research shows great promise for future research using 
VRR to improve gait techniques and enable more efficient and effective rehabilitation for 
amputees and other disabled individuals.  Opportunities for using VRR to improve 
rehabilitation programs include expanding the currently limited opportunities for 
rehabilitation scenarios, enhancing primitive spatial and temporal training scenarios, 
addressing staff and facility limitations, creating user friendly interfaces, and integrating 
an interactive environment.  VR rehabilitation systems are emerging as valuable tools in 
the reestablishment of functionality and improved quality of life for individuals with 
disabilities.  In the case of lower limb amputees, virtual environments can help 
individuals to understand where their limbs are in space and in relationship to other 
objects (proprioception).  By creating an environment in which the user‟s limbs (both 
prosthesis and natural) are graphically shown in the “real world” environment, the user 
can begin to understand the necessary motions for walking.  A multidisciplinary effort 
can bridge technology gaps and create a successful VRR system.   
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7.0 FUTURE WORK   
 
Future studies with longer and more frequent training sessions can lead to  
 
1) More efficient ambulation for amputees through improved and more symmetrical 
gait: Using this VRR application, task based virtual reality training can help 
individuals prevent gait abnormalities and prevent abnormalities that are difficult 
to correct.  It is expected that with more frequent training sessions and a longer 
study period that stride length will become more symmetrical (average stride 
length is 0.762m – 0.813m), more equal weight distribution between limbs (to be 
measured via force plate or pressure pads), and  a narrower base of support.  
These improved gait metrics will lead to improved activities of daily living 
(ADLs) and therefore improved health for the amputee.   
2) New Application of D‟Angelo et al VRR model (2010) which builds upon the 
Human, Activity, Assistive Technology (HAAT) model: This newly developed 
model was investigated for application using VR in the rehabilitation field.  A 
significant theoretical contribution of this research was the documentation and 
testing of a new model to incorporate the virtual world holistically with the 
human, activity and assistive technology.  The performance of an entire system as 
a whole was examined (the disabled individual, using assistive technology, the 
individual with a disability in the environment) and allowed for the study of 
human performance in relationship to the task and virtual environment in which 
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the individual is immersed.  The D‟Angelo et al model, 2010, begins with the 
need and or desire of an individual to perform an activity or achieve a task.  The 
task or the activity is the disabled individuals specifically designed rehabilitation 
program.  Future work to investigate the application of the D‟Angelo model to 
additional areas of rehabilitation is warranted.   
3) Incorporation of real-time feedback performance metrics through the use of 
virtual reality during rehabilitation programs: Additional research using objective 
performance metrics to define and refine the scope of rehabilitation programs is 
warranted.  VR systems can provide objective tracking of user progress through 
quantitative gait analysis and therefore allow therapists to developed improved 
training and rehabilitation programs.   
4) Analysis of benefit of virtual reality in amputee rehabilitation:  Additional studies 
will help to validate the VRR system.  Quantitative and qualitative parameters can 
be added or removed as necessary to provide baseline training metrics and best 
practice rehabilitation programs.   
It is recommended that this tool be used in the future as a training tool to not only assess 
amputee gait deviations but train and rehabilitate throughout all stages of training.  This 
system can integrate the motivations of self learning and visualization as seen in this 
study, with the skills of an integrated rehabilitation team.  Using the recorded data 
parameters, experts can work to improve the baseline rehabilitation system and analyze 




Agreed upon assessment measures and criteria for successful rehabilitation through all 
stages of amputee rehabilitation will help to standardize both baseline amputee 
rehabilitation and outcome success.  Integrating these parameters into a virtual reality 
rehabilitation system will allow for the integration of an entire team of expertise.  
Amputees will benefit from real-time visualization, assessment and training.   
 
This VRR system presented the rehabilitation community with a systematic, multi-
disciplinary, and interactive approach to amputee rehabilitation.  Participants were able to 
visualize and understand their body movements in real-time without disrupting their 
natural gait parameters (self selected walking speeds).  Individuals can now participate in 
a virtual world environment that more closely aligns with real world everyday activities 
in their own environment.   
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APPENDIX A. Initial Questionnaire 
 
Self-Reported Questionnaire – Visit 1 
 
Age__      Gender___   Weight_____    Height_____    R___ L ____ handed 
 
 
1) What was the date of your amputation?  _________________________________ 
 
2) What was the date of your last therapy visit?  _____________________________ 
 
3) For how long have you used your current prosthesis?  _____________________ 
 
4) How many days per week, on average, do you wear your prosthesis?  
 1__ 2__ 3__ 4__ 5__ 6__ 7__ 
 
5) How many hours per day, on average, do you wear your prosthesis?  
 <1__     1-3__     3-5__     5-7__     7-9__     9-11__     >11__ 
 
6) How long can you walk during one period of time (without increased discomfort or 
fatigue)? 
 <5minutes__      5-10minutes__     10-15minutes__     15-20minutes__      
 20-30minutes__     30-60minutes__     1-2hours__     >2hours__ 
 
7) While at home, what percentage of the time do you wear your prosthesis (not 
including sleeping)? 
 <10%__     10-20%__     20-30%__     30-40%__     40-60%__     60-80%__      
 80-100%__ 
 
8) While outdoors, what percentage of the time do you wear your prosthesis? 





9) While at work or school, what percentage of the time do you wear your prosthesis? 
 <10%__     10-20%__     20-30%__     30-40%__     40-60%__     60-80%__      
 80-100%__     Do not work/attend school__ 
 
10) Is your prosthesis painful to wear? 
 No__     Yes__  (if Yes please rate on a scale of 1-10 with 1 being least painful and 10 
being most painful _______) 
11) Do you currently use an aid with your prosthesis at home? 
 No__     Yes__ 
 If Yes: Walker/Walking Frame__     2 crutches/cane__     1 crutch/cane__     
Other_________ (please state other) 
 
12) Do you currently use an aid with your prosthesis outdoors? 
 No__     Yes__ 
 If Yes: Walker/Walking Frame__     2 crutches/cane__     1 crutch/cane__     
Other_________ (please state other) 
 
13) Can you perform the following movements with your prosthesis (and walking aid if 
you use one) 
 __Walking up and down stairs without a handrail 
 __Walking up and down stairs with a handrail) 
 __Walking up a hill or ramp 
 __Walking down a hill or ramp 
 __Walking over uneven terrain such as a grassy field, forest or dirt path 
 __Walking quickly over short distances – such as crossing the street 
 __Walking while carrying objects such as bags or a suitcase 
  
14) Can you do the following while wearing your prosthesis 
 __Stand for 15 minutes without support and without discomfort 
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 __Sit comfortably in the back seat of a car 
 __Easily transition from sitting in a chair to standing up 





APPENDIX B. Final Visit Questionnaire 
Self-Reported Questionnaire – Last Visit 
 




15) What was the date of your last therapy visit (not including study visits)?  
_____________________________ 
 
16) Did you have any adjustments to your prosthesis during this study? 
No__ Yes__  (if yes, how many__) 
 
17) For how long have you used your current prosthesis?  _____________________ 
 
18) How many days per week, on average, do you wear your prosthesis?  
 1__ 2__ 3__ 4__ 5__ 6__ 7__ 
 
19) How many hours per day, on average, do you wear your prosthesis?  
 <1__     1-3__     3-5__     5-7__     7-9__     9-11__     >11__ 
 
20) How long can you walk during one period of time (without increased discomfort or 
fatigue)? 
 <5minutes__      5-10minutes__     10-15minutes__     15-20minutes__      
 20-30minutes__     30-60minutes__     1-2hours__     >2hours__ 
 
21) While at home, what percentage of the time do you wear your prosthesis (not 
including sleeping)? 





22) While outdoors, what percentage of the time do you wear your prosthesis? 
 <10%__     10-20%__     20-30%__     30-40%__     40-60%__     60-80%__      
 80-100%__ 
 
23) While at work or school, what percentage of the time do you wear your prosthesis? 
 <10%__     10-20%__     20-30%__     30-40%__     40-60%__     60-80%__      
 80-100%__     Do not work/attend school__ 
 
24) Is your prosthesis painful to wear? 
 No__     Yes__  (if Yes please rate on a scale of 1-10 with 1 being least painful and 10 
being most painful _______) 
25) Do you currently use an aid with your prosthesis at home? 
 No__     Yes__ 
 If Yes: Walker/Walking Frame__     2 crutches/cane__     1 crutch/cane__     
Other_________ (please state other) 
 
26) Do you currently use an aid with your prosthesis outdoors? 
 No__     Yes__ 
 If Yes: Walker/Walking Frame__     2 crutches/cane__     1 crutch/cane__     
Other_________ (please state other) 
 
27) Can you perform the following movements with your prosthesis (and walking aid if 
you use one) 
 __Walking up and down stairs without a handrail 
 __Walking up and down stairs with a handrail) 
 __Walking up a hill or ramp 
 __Walking down a hill or ramp 
 __Walking over uneven terrain such as a grassy field, forest or dirt path 
 __Walking quickly over short distances – such as crossing the street 




28) Can you do the following while wearing your prosthesis 
 __Stand for 15 minutes without support and without discomfort 
 __Sit comfortably in the back seat of a car 
 __Easily transition from sitting in a chair to standing up 





APPENDIX C.  Sample Code Segment– Kinematic Data to 




Motion Capture Model – Joint File 
This file is a modified file to contain join files for export into a virtual reality 
environment.  This file is based on the research of  
  Scott Delp, Ph.D., Stanford University 
   Wendy Murray, Ph.D., Stanford University 
   Silvia Salinas Blemker, M.S., Stanford University  
   Anita Vasavada, Ph.D., Washington State University 
   Srikanth Suryanarayanan, M.S., Rehabilitation Institute of Chicago 
   Frans van der Helm, Ph.D., Delft University 
 
Dustin Hatfield of Motion Analysis Corporation aided Dr. Susan Kotowski and Maurissa 
D’Angelo in the modification of this file in order to properly incorporate it needed 




/*The following calls the required data definitions including the extremities and ground*/ 
#ifndef LOWER_EXTREMITY 








   #define GROUND_PLANE_XZ 1 
#endif 
 
/* Shoulder and wrist models optimized with additional markers in order to control 
location and kinematic data.  Limited degrees of freedom used to additionally reduce 
problems (acceptable for our model as we are studying lower extremity gait).   
 * To remove these restrictions and allow greater movement 
 * of the arms, set FULL_ARM_MOTION to 1. For best results 
 * when doing this, you should also add more arm markers to 
 * the model. 
 */ 





/*Weights applied to the model for virtual reality integration*/ 
 
#define FOOT_WEIGHT 2.0 
#define PELVIS_WEIGHT 3.0 
#define KNEE_WEIGHT 2.0 
#define WRIST_WEIGHT 1.0 
#define ARM_WEIGHT 1.0 
#define OTHER_WEIGHT 1.0 
 
#define TORSO_SIZE 0.5600 0.5600 0.3632 
#define HEAD_SIZE 0.1890 0.1890 0.1890 
#define UPPER_ARM_SIZE 0.2850 0.2850 0.2850 
#define LOWER_ARM_SIZE 0.2635 0.2635 0.2635 
#define HAND_SIZE 0.1879 0.1879 0.1879 
#define PELVIS_SIZE 0.1844 0.0922 0.256 
#define THIGH_SIZE 0.4050 0.4050 0.4050 
#define SHANK_SIZE 0.4000 0.4000 0.4000 
#define FOOT_SIZE 0.2670 0.2670 0.2670 
 
/*begin model definition, sample/ 
#if TWO_PELVIS_JOINTS 
beginsegment pelvic_frame 
begingroups spine torso right leg_r hip_r left leg_l hip_l endgroups 
htr_o 0.0 0.0 0.0 
htr_x 0.0 0.0 0.0 









begingroups spine torso right leg_r hip_r left leg_l hip_l endgroups 
gait_scale PELVIS PELVIS_SIZE 
SHADOW_PARAMS 
htr_o 0.0 0.0 0.0 
htr_x 1.0 0.0 0.0 




marker V.Sacral -0.155 0.0 0.0 PELVIS_WEIGHT 
marker Sacral -0.155 0.0 0.0 PELVIS_WEIGHT 
marker V.Sacrum -0.155 0.0 0.0 PELVIS_WEIGHT 
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marker Sacrum -0.155 0.0 0.0 PELVIS_WEIGHT 
marker SACR -0.155 0.0 0.0 PELVIS_WEIGHT 
marker SAC -0.155 0.0 0.0 PELVIS_WEIGHT 
marker R.ASIS 0.0 0.0 0.128 PELVIS_WEIGHT 
marker RASIS 0.0 0.0 0.128 PELVIS_WEIGHT 
marker RASI 0.0 0.0 0.128 PELVIS_WEIGHT 
marker R.PSIS -0.148 0.000 0.047 PELVIS_WEIGHT 
marker RPSIS -0.148 0.000 0.047 PELVIS_WEIGHT 
marker RPSI -0.148 0.000 0.047 PELVIS_WEIGHT 
marker R.Trochanter -0.005 -0.042 0.093 PELVIS_WEIGHT 
marker L.ASIS 0.0 0.0 -0.128 PELVIS_WEIGHT 
marker LASIS 0.0 0.0 -0.128 PELVIS_WEIGHT 
marker LASI 0.0 0.0 -0.128 PELVIS_WEIGHT 
marker L.PSIS -0.148 0.000 -0.047 PELVIS_WEIGHT 
marker LPSIS -0.148 0.000 -0.047 PELVIS_WEIGHT 
marker LPSI -0.148 0.000 -0.047 PELVIS_WEIGHT 
marker L.Trochanter -0.005 -0.042 -0.093 PELVIS_WEIGHT 
gait_scale PELVIS PELVIS_SIZE 
SHADOW_PARAMS 
htr_o 0.0 0.0 0.0 
htr_x 1.0 0.0 0.0 
htr_y 0.0 -1.0 0.0 
endsegment 
 




APPENDIX D.  Sample Code Segment (Python)– Virtual Reality Incorporation 
#Code used to import motion analysis data from kinematic markers and display a real-
time, kinematically correct avatar for the user*/ 
import viz 
import vizcam 




#here are two road textures with different line count in the middle 
road = viz.add('road.jpg') 
road2 = viz.add('road2.jpg') 
#add the ground 
ground = viz.add('tut_ground.wrl') 
ground.setPosition(0,0,50) 
#avatar = viz.add('vcc_female.cfg',pos=(-.5,0,6),euler=(180,0,0))   #Add an avatar to the 
scene 
#pos = avatar.getPosition() 
#lc1 = vizmocap.LiveCharacter('localhost',8050,8055,model=avatar)  #Connect to a Live 
Characters server at the specified address and port, attach the avatar 
#avatar.visible(0,'casual32_m_highpoly.CMFX')  #hides the hed of the avatar, this one is 
specific to the male 
#avatar.state(1) 
#view = viz.MainView 
#link = viz.link(avatar, view, viz.LINK_POS_OP) 
#bone = avatar.getBone('Bip01 Head') 
#viz.link(bone, viz.MainView) 
#link.preTrans([0,0,-5]) 
#create a texture quad to add the road texture to 
#and place it over ground 





road_position = -25 
ground_position = 75 
#add road and ground if getting near the end of road 
def addRoad(): 
  
 global road_position, ground_position  
 viewpoint_pos = viz.MainView.getPosition() 
 #check to see how close the viewpoint is to the end of the road 
 if road_position - viewpoint_pos[2] < 25: 
   
  #add 50 meters of ground 
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  global ground_position 
  groundcopy = ground.copy() 
  groundcopy.setPosition([0,0,ground_position]) 
  ground_position +=0 
  #add 50 meters of road 
  for i in range(1,50): 
   quadcopy = quad.copy() 
   quadcopy.setPosition([0,.1,road_position]) 
   quadcopy.setEuler(0,90,0) 
   road_position +=1 
 
addRoad() 
#call a timer every second to check if road needs to be added 
vizact.ontimer(1, addRoad) 
 




# Load ground 
viz.add('tut_ground.wrl') 
 
#Add an avatar to the scene 
avatar = viz.add('vcc_male.cfg',pos=(0,0,6),euler=(180,0,0)) 
#avatar.state(1) 
#avatar.visible(0,'casual32_m_highpoly.CMFX')  #hides the hed of the avatar 
import vizmocap 
lc1 = vizmocap.LiveCharacter('localhost',8050,8055,model=avatar) 
view = viz.MainView 
link = viz.link(avatar, view, viz.LINK_POS_OP) 
#link = viz.link(view, avatar, viz.LINK_POS_OP) 
link.preTrans([0,0,-5]) 
#ball = viz.add('ball.wrl') 








60 60 369 mm
Frame# Time L.Heel
X34 Y34 Z34 vX34 vY34 vZ34 vR34 aX34 aY34 aZ34 aR34
200 3.317 252.2877 130.981 -1164.69 -164.562 -1254.56 3594.771 3810.955 2053.235 11528.5 -1462.5 11800.89
201 3.333 249.8302 111.6728 -1104.98 -108.883 -1105.65 3635.563 3801.531 4628.32 6340.43 6357.568 10101.54
202 3.35 248.6583 94.12592 -1043.5 -54.2734 -965.639 3747.371 3870.167 1924.805 10461.1 7059.375 12766.14
203 3.367 248.0211 79.48486 -980.064 29.42551 -737.636 3732.224 3804.533 8119.062 16899.36 -8876.95 20743.86
204 3.383 249.6392 69.53806 -919.093 111.8907 -478.739 3604.365 3637.741 1776.764 14168.22 -6466.11 15675.01
205 3.4 251.7508 63.52689 -859.918 81.64627 -241.947 3414.912 3424.445 -5406.1 14246.82 -16268.3 22290.28
206 3.417 252.3607 61.47316 -805.263 -80.5216 -77.5059 3108.01 3110.019 -14054 5486.119 -20559.8 25501.36
207 3.433 249.0667 60.94336 -756.318 -327.19 14.39701 2630.166 2650.478 -15546.2 5542.232 -36781.6 40314.82
208 3.45 241.4544 61.95306 -717.59 -450.537 -48.2586 1991.268 2042.171 744.5984 -13060.9 -39886.1 41976.68
209 3.467 234.0488 59.33474 -689.942 -413.658 -225.431 1294.737 1377.779 3680.914 -8199.77 -43697.7 44612.47
210 3.483 227.6658 54.4387 -674.432 -374.404 -377.472 677.1387 860.918 1029.584 -10045.1 -30414.1 32046.58
211 3.5 221.5687 46.75234 -667.371 -363.47 -236.25 321.1578 539.5065 282.4036 26991.71 -12303.6 29664.96
212 3.517 215.5501 46.56368 -663.727 -373.117 139.3275 369.0051 542.9488 -1440.03 18077.65 18045.26 25583.32
213 3.533 209.1315 51.39659 -655.071 -276.733 276.3305 521.1273 651.5471 13006.11 -1637.28 209.3994 13110.43
214 3.55 206.3257 55.7747 -646.356 -108.717 228.4305 445.1807 512.0407 7155.835 -4110.73 -9323 12450.8
215 3.567 205.5076 59.01094 -640.231 20.01846 190.2354 330.3131 381.7028 8292.426 -472.687 -4461.11 9428.109
216 3.583 206.9929 62.11588 -635.346 126.0869 173.0653 269.2438 344.0083 4435.785 -1587.72 -2867.21 5515.246
217 3.6 209.7105 64.77979 -631.257 154.4371 132.8786 233.2068 309.6659 -1033.76 -3234.69 -1457.23 3695.32
218 3.617 212.1408 66.54517 -627.572 152.8441 157.893 171.5698 278.7969 842.5964 6236.417 -5939.21 8653.153
219 3.633 214.8053 70.04288 -625.538 120.4637 146.1861 90.79651 210.0617 -4728.24 -7641.24 -3753.59 9738.286
220 3.65 216.1563 71.41804 -624.546 34.07913 77.04437 60.98877 104.0041 -5637.91 -655.774 176.6602 5678.667
221 3.667 215.9412 72.61103 -623.505 -14.4122 51.6227 57.7002 78.75232 -181.055 -2394.83 -571.289 2468.674
222 3.683 215.6759 73.13879 -622.622 -9.03122 56.35918 40.73547 70.12345 826.7761 2963.205 -1464.48 3407.174
223 3.7 215.6402 74.48967 -622.147 13.9238 49.24347 53.31848 73.90299 1927.826 -3817.09 2974.438 5209.028
224 3.717 216.14 74.78024 -620.845 46.16043 72.8183 43.52417 96.57973 1940.57 6646.069 -4149.76 8071.959
225 3.733 217.1789 76.91695 -620.696 66.08368 142.2022 42.3999 162.4385 450.2197 1680.002 4014.844 4375.394
226 3.75 218.3428 79.52032 -619.432 70.04196 195.2376 107.0361 233.4102 24.77417 4684.241 3741.504 5995.129
227 3.767 219.5136 83.42487 -617.128 65.18097 254.2866 125.6726 291.0392 -608.093 2401.639 -1505.13 2898.802
228 3.783 220.5155 87.99654 -615.243 63.38196 297.4411 127.0587 329.5943 392.2119 2776.904 1671.46 3264.783
229 3.8 221.6263 93.33957 -612.893 68.75381 280.0772 196.0931 348.7447 252.4109 -4860.57 6612.671 8210.742
230 3.817 222.8073 97.33244 -608.706 66.55472 277.7129 199.1766 348.1743 -516.302 4576.85 -6242.65 7757.887
231 3.833 223.8448 102.5967 -606.254 80.63095 327.721 126.7236 360.5015 2205.45 1424.13 -2451.71 3592.08
232 3.85 225.495 108.2565 -604.482 70.91995 289.0906 125.3467 322.978 -3370.77 -6059.78 2286.475 7301.441
233 3.867 226.2088 112.233 -602.075 35.06241 235.6206 135.1886 273.9022 -932.135 -356.616 -1105.44 1489.315
234 3.883 226.6637 116.1105 -599.976 16.4296 184.0579 154.6326 240.9532 -1303.8 -5830.91 3438.721 6893.782  
/*Example Data output from Cortex (Motion Analysis data Collection).  X, Y, Z position, 
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